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ABSTRACT 
In recent years, dry granulation using roll compaction (DGRC) attracts considerable interest of 
engineers and researchers, especially in the pharmaceutical industry, due to its distinct feature 
that no liquid binder is needed. It is generally anticipated that, as a size enlarge process, DGRC 
would improve properties of feed powders (such as flowability and bulk density), but it was 
also reported that DGRC could cause reduction in powder compactibility.  
 
A wide range of powder properties, such as size, shape, flowability, compactibility and 
compressibility, were analysed for several pharmaceutical excipients using the state of art 
techniques. Elastic-plastic properties of single component powders and mixtures were also 
determined using the Drucker Prager Cap (DPC) model and an example of FEM application 
was presented.  
 
All the properties determined were used to investigate: 1) the prediction of ribbon milling from 
friability tests and 2) the effect of granule size on die filling and die compaction behaviour of 
pharmaceutical powders. A new and easy method was developed for predicting fines produced 
during ribbon milling. An exponential relation between the filling ratio and the shoe speed was 
found. Furthermore, it is shown that flowability is strongly influenced by the granule size, and 
there is a decrease in the tensile strength with the increase of the granule size.  Additionally, 
for all the materials analysed a strong correlation between the flow indexes and the critical 
filling speed was observed and an empirical equation is obtained.  
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CHAPTER 1 INTRODUCTION 
 
1.1 Background  
Powder is composed of solid particles, of similar or different chemical compositions, and has 
unique characteristics, such as size distribution, shape, porosity, compressibility and 
flowability. Powder properties are commonly the qualities or characteristics that determine its 
nature. These include chemical, physical and mechanical attributes. Depending on the scale 
considered, these properties can be distinguished as single particle properties and bulk 
properties. These characteristics influence the powder behaviour in industrial processes. 
  
Pharmaceutical dosage forms define as the means (or the form) by which drug molecules are 
delivered to sites of action within the body. Dosage forms are classified based on their physical 
form (i.e. solid, semi-solid, liquid and gaseous) and route of administration (i.e. oral, topical, 
parenteral, inhaled, etc.). Tablets are the most common solid dosage form used in 
pharmaceutical industry for drug delivery. They consist of an active pharmaceutical ingredient 
(API) and pharmacologically inactive excipients (such as carriers, diluents or binders). Several 
processes are involved in the manufacture of solid dosage forms, in particular tablets, such as 
mixing, blending, drying, granulation, and compaction. The quality of the final product 
depends principally on material properties and process variables. Raw material proprieties, 
such as particle size, shape, flowability and compactibility, can strongly influence the 
properties of intermediate products and final products, such as ribbons and tablets. As an 
example, the dissolution rate of tablets is governed by the surface area of the drug. This 
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property is determined by the size and morphology of the raw materials, which hence should 
be carefully considered.  
 
In pharmaceutical industries, three different processes (Fig. 1.1) can be utilized for tablet 
production: direct compression, wet granulation or dry granulation. 
 
Fig. 1.1 Different processes for tablet production in the pharmaceutical industry (Pharma tips, 
2015). 
 
 Direct compression consists of the filling of the material into a die followed by 
compression and ejection of the formed tablet. This process is ideal for mixtures that 
have good flowability and can be well mixed, thus no granulation step is needed (Zhang 
et al., 2003). 
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 Wet granulation involves the production of granules with the addition of a liquid binder 
to the mixture of excipients and API in a granulator (Fig. 1.1). After the granulation 
step the mixture is subjected to drying, followed by milling and compaction. Wet 
granulation is not used for materials sensitive to moisture and heat, because degradation 
can occur during drying (Miller, 1997). 
 
 Dry granulation is the most common process used for materials sensitive to moisture 
and heat. In the dry granulation process the dry mixture is compacted into ribbons or 
flakes using a roll compactor, which are then milled (size reduction step) using a 
granulation machine and the granules obtained are introduced into the tableting 
machine for compaction. This process is also known as dry granulation using roll 
compaction (RCDG) (Miller, 1997). 
 
1.2 Objectives  
In the pharmaceutical and chemical industries, understanding and control of powder behaviours 
can lead to improvement of product formulations, increase process efficiency and lead to more 
consistent high-quality products.  For correctly designed process equipment, as well as 
handling of powders, the understanding of how powders would behave is of priority relevance. 
Hence, powder characterisation has long been recognised as one the key area of research and 
a crucial exercise for process control and understanding.   
 
The main challenge in powder characterisation lies in the wide range of powder testing systems 
available on the market, from simple techniques, such as the angle of repose for flowability 
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analysis, to more complex techniques, for example laser diffraction for size measurement. For 
a given property or process, a wide range of different techniques have been developed,  
inconsistency of the results obtained using different techniques is often noted, which leads to 
confusion in the use of those properties for process understanding. For example, Taylor et al. 
(2000) measured and compared flowability obtained using several methods like critical orifice, 
angle of repose, avalanching test and compressibility index for excipients, such as 
microcrystalline cellulose and lactose. They found for each individual flow test a standard 
deviation from 0.53, for compressibility index, up to 1.1 for the angle of repose. Consequently, 
they decided to generate a single flow index using principal component analysis which sum the 
contribution of all the three flowability techniques. But, once they compared the principal 
component index and the avalanching flow determination, results showed no correlation with 
an R2 = 0.3. This is caused because different techniques measure a specific property (i.e., 
compressibility index, angle of repose or orifice size) and this limits their applicability outside 
their design scope (Krantz et al., 2009). 
 
For this reason, the first objective of this thesis is to perform a comprehensive powder 
characterization in terms of density, size, shape, flowability, compactibility and compressibility 
using various techniques. The measured parameters will then be used in further studies to 
understand the dry granulation using roll compaction process. 
 
The increase interest in this granulation techniques was due to the several advantages such as 
the increase of drug distribution uniformity in the product, the enhancement of the flow rates 
and content uniformity, the minimal need of powder lubricant and the more control over 
operating parameters (Kleinebudde, 2004; Parikh, 2010). Furthermore, compared to wet 
granulation, no liquid binder (which usually is water) is needed, which is of major importance 
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for APIs sensitive to moisture, no drying stage is required, thanks to which molecules that 
degraded with temperature can be used, and it has lower operational cost process.  
Nevertheless, pharmaceutical products become more complex and this led to the needs of more 
complex regulatory requirements for product uniformity and a better understanding and control 
of product properties and process conditions (Muzzio et al, 2002). Despite advances in the 
understanding of wet granulation process (Section 1.1) have been achieved, dry granulation 
using roll compaction still presents several challenges that need further investigation. 
 
One of the challenges in RCDG process is the ‘fines’ production during ribbon milling, which 
led to a decrease of tablet quality, an increase of segregation tendency and less homogenous 
density distribution (Herting and Kleinebbudde, 2007; Inghelbrecht and Remon, 1998a).  In 
practice, the fines may be recycled and re-granulated in order to improve the yield and reduce 
the waste. However, recycling of fines can cause segregation problems and large content 
variations in final products (Sheskey et al., 1994).  Therefore, the second objective of this thesis 
is to better understand the mechanisms associated with the generation of fines during ribbon 
milling in order to improve the efficiency and robustness of RCDG.  
 
Another challenge in RCDG process is the reduction of tensile strength of the final tablet 
compared to the tablet obtained from direct compression (Herting and Kleinebudde, 2008, Patel 
et al., 2008). This is mainly explained by the size enlargement of the granule in RCDG 
compared to fine particles. The enlargement consequentially influences die filling and die 
compaction behaviours. Establishing a relationship between the performance of a powder 
depositing into a die and the resulting tablet properties is a challenging issue (Hjortsberg, 
2002). The relation between die filling and die compaction is not easy to be established due to 
the fact that these unit operations are controlled by different variables. More specifically, die 
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filling is controlled by the shoe speed and the dimensions of the die, while die compaction is 
mainly regulated by the mass and pressure applied.  Hence, the third objective of this thesis is 
to investigate how the die filling process and the granule properties affect the tablet quality 
and improve the understanding of the relationship between die filling and die compaction.   
 
Tabletting, defines as the process of forming a solid compact from loose powder or granules 
using uniaxial compression, is one of the principal step of the RCDG process. As previously 
mention, insufficient tensile strength is one of the main issues during the compaction of 
granules, however other issues can occur such as capping and delamination of the tablets during 
the ejection step (Wu et al., 2005; Wu et al., 2008). Although the compression behaviour of 
powder can be characterized with methods like the Heckel analysis, these methods are not able 
to describe the powder behaviour during decompression and ejection. For this reason, Finite 
element models (FEM) have become of high interest due to their capability of describing 
powder deformation behaviour in the entire tabletting process. FEM models needs 
experimental calibration data describing the elastic-plastic properties of the materials. For the 
determination of the elastic-plastic properties, the most widely used model is the Drucker-
Prager-Cap (DPC) model (Drucker and Prager, 1952). Although a lot of analyses were 
performed in this field (Krok et al. 2014; Wu et al. 2005; Muliardi et al., 2012 and Garner et 
al., 2015), so far the influence of the single component powder during tableting of mixtures is 
not completely understood. Hence, the forth objective of this thesis is to further analyse the 
dependence of the mechanical behaviour of mixtures during tableting, starting from single 
component powder and its application in FEM models.  
 
To conclude, the overall aim of this thesis is to analyse and characterise the fundamental 
powder properties and to enhance mechanistic understanding of the RCDG process. 
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1.3 Layout of this thesis 
 
The structure of this thesis will be as follow: 
Chapter 1 includes an introduction to the thesis together with a description of the main 
motivations, challenges and objectives.  Chapter 2 presents a detailed literature review of the 
main topics related to the thesis such as powder characterization, roll compaction, granulation, 
die filling and die compaction. Chapter 3 includes a description of all the materials and 
experimental methods utilised in the thesis. 
 
Chapter 4 presents the results obtained for powder characterization in terms of density, particle 
size, particle shape, flowability, compactibility and compressibility with their comparison. 
Chapter 5 presents the results for the analysis of the mechanical behaviour of single component 
powders and mixtures of pharmaceutical excipients using DPC method, with a simple example 
of FEM application using the results obtained will also be described. Chapter 6 discusses a 
study on the correlation between the fine fraction of the granules produced during ribbon 
milling and ribbon friability. Furthermore, a new method for ribbon friability characterization 
is proposed. Chapter 7 reports an investigation on the behaviour of roll-compacted granules 
during die filling and die compaction. A correlation between the critical velocity (Vc), defined 
as the velocity at which the die is completely full, and the granule size will be examined. 
Furthermore, to enhance the correlation between die filling step and a flowability technique, 
the results obtained using Flodex system will be compared with the critical velocity.  
 
Chapter 8 highlights the main conclusions of this thesis together with interesting further 
studies.
 8 
 
CHAPTER 2 LITERATURE REVIEW 
This chapter summarises the key findings of previous works on the influence of material 
characteristics on the RCDG process and highlights the main issues relevant to this thesis. More 
specifically, Section 2.1. describes material characterisation, Section 2.2 describes roll 
compaction and dry granulation processes, Section 2.3 describes die filling and Section 2.4 
describes die compaction with focus on the Drucker-Prager Cap model.  
 
2.1 Powder Characterisation 
In this Section, the important powder properties in the RCDG process are discussed, including 
density, shape, size, flowability, compactibiity and compressibility. In addition, various 
techniques for characterising these properties are also presented.  
 
2.1.1 Density 
Density is a fundamental property for powders (Knudsen, 1962). Generally, it is described as 
the ratio between mass and volume. Three density definitions are introduced for powders: 
1) True density; 
2) Bulk density; 
3) Tapped density. 
True density, also called absolute density, is defined by The British Standards Institute as “the 
mass of the particle divided by its volume, excluding open pores and closed pores”. It is a 
material intrinsic property which does not depend on the packing state of the material.  
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Various methods can be used to measure powder true density (Seville and Wu, 2016), such as 
the liquid displacement method and pycnometry. However, the most commonly used method 
is the pycnometer, more precisely the gas pycnometer (Webb and Orr, 1997), which has the 
advantages of being easy to use, rapid and fully automated. The most common gas used for 
this application is Helium since it is able to penetrate into very small pores; this lead to high 
precision volume determination and the closest approximation to the true density of the 
materials (Viana et al., 2002). Nevertheless, literature data show different values of true density 
for the same powder, which is primarily due to the effect of moisture (Sun, 2004).  
Sun (2004) examined the influence of water release from aspartame crystal during the true 
density measurement using a helium pycnometer and found a high variability in results from 
1.266 to 1.381 g/cm3. They hence proposed a new method in which compaction data were fitted 
to derive powder true density using non-linear regression of the equation: 
 
𝑃 =  
1
𝐶
 [(1 − 𝜀𝑐) −  
𝜌𝑡𝑎𝑏𝑙𝑒𝑡
𝜌𝑡𝑟𝑢𝑒
−  𝜀𝑐 ln [
1− (
𝜌𝑡𝑎𝑏𝑙𝑒𝑡
𝜌𝑡𝑟𝑢𝑒
)
𝜀𝑐
]]                             (2.1) 
 
where P is the compaction pressure, C (MPa-1) is a constant describing the deformability of the 
material, Ɛc is a material constant called critical porosity, and defined as the porosity at the 
critical state where the powder mass starts to gain some rigidity or strength, and ρtablet and ρtrue 
are the tablet density and the true density, respectively.  Their study showed higher density 
values for He pycnometer results due to moisture content. However, an adequate sampling 
protocol can minimize this error and ensure an adequate reproducibility of the results (Viana 
et al., 2002)  
Other studies analysed the true density of mixtures because the majority of pharmaceutical 
products are based on the mixture of two or more components. The true density of such 
 10 
 
mixtures is generally determined using the mixing rule (Wu et al., 2005). If a mixture made of 
2 components (A and B) is considered, the true density of the mixture (ρM) is calculated from 
the following equation: 
                                                       𝜌𝑀 =  𝜌𝐴 𝜉𝐴 +  𝜌𝐵 𝜉𝐵                                      (2.2) 
 
where ρA and ρB are the true densities and ξA and ξB are the volume fractions of component A 
and B respectively.  
 
The true density is a critical parameter in the determination of tablet porosity, mechanical 
properties such as tensile strength and elastic modulus of powders. As an example, Sun (2005a) 
observed that an overestimation of true density would lead to higher tablet porosity for 
pharmaceutical excipients such as microcrystalline cellulose (MCC). In further studies (Sun, 
2005b), he also estimated that for pharmaceutical excipients, an overestimation of the density 
of the 2.5%, will cause an error on the porosity calculation which leads to a final overestimation 
of 10% on the calculation of the tensile strength of the material using the Ryshkewitch equation. 
For this reason, to obtain reliable results, errors in true density values should be less than 0.28%.  
True density is also used as one of the main input parameters for continuum numerical methods 
such as the Finite Element Method (FEM) for prediction of powder behaviour during 
compaction as reported by Krok et al. (2014). They used a constitutive model named Druker 
Prager Cap (DPC) in FEM to study the influence of punch shape on MCC PH 102 powder, and 
as one of the main input parameters inserted in the DPC model was the true density of the 
material.  
 
Bulk density, also termed packing density or apparent density, is defined as “the ratio of the 
mass of an untapped powder sample and its volume including the contribution of the 
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interparticulate void volume” (World Health Organization, 2012). Bulk density results can be 
influenced by the way the powder is handled or packed. For this reason, vibration of the sample 
may lead the internal voids to collapse and to a reduction of the measured volume. Therefore, 
bulk density is not an intrinsic property of material. 
Several methods have been used for bulk density determination such as the volumeter method 
and the graduated cylinder method. In the volumeter method (Webb, 2001), the powder is 
inserted at the top of a funnel before being allowed to fall down in a box containing four glass 
baffle plates.  At the bottom of the box the powder is collected in a funnel and poured into a 
cup mounted directly below. The density is then calculated as the mass accumulated in the cup 
divided by the cup volume. A second method, named as the coating method for bulk density 
characterisation, was used by Webb (2001). In this method the bulk volume of a material is 
determined by coating the sample and then dipping it in a molten wax of known density. The 
mass of the wax is calculated by the difference in weight before and after the coating. The mass 
of the wax, divided by its known density will give the volume of the wax composing the 
coating. The volume of the coated sample is determined by the hydrostatic weighting (i.e. the 
volume of a sample is determined by comparing the weight of the sample in air to the weight 
of the sample immersed in a liquid of known density). From this volume, the volume of the 
wax is subtracted and the volume of the sample is determined. The known mass of sample, 
divided by the calculated sample volume will yield the bulk density of the sample. 
 
Tap density is defined as “an increased bulk density obtained after mechanically tapping a 
container containing the powder sample” (World Health Organization, 2012). Experimentally, 
the tap density is obtained by mechanically tapping a graduated measuring cylinder or vessel 
in which the sample powder is contained. The mechanical tapping is achieved by raising the 
cylinder and allowing it to drop. Tap density values can be largely influenced by the number 
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and the amplitude used for tapping as mentioned in “The United States Pharmacopeia 
Convention” (2011).  
Commonly defined as one of the most useful bulk solid characteristics (Seville and Wu, 2016), 
bulk and tap densities can be utilised for flowability estimation and for segregation studies. 
Carr (1965) and Hausner (1967) proposed two indices to predict the flow property of a powder 
using bulk and tap densities, which were defined as Carr’s Index (ψ) and Hausner Ratio (H), 
respectively (Tab. 2.1). The equations which describe these two indices are presented in 
Chapter 3, section 3.2.4.1. 
 
Table 2.1 Scale of flowability based on Carr’s index and Hausner ratio. 
 
Flowability Carr's Index Hausner ratio 
Excellent  10 1.00-1.11 
Good 11-15 1.12-1.18 
Fair 16-20 1.19-1.25 
Passable 21-25 1.26-1.34 
Poor 26-31 1.35-1.45 
Very Poor 32-37 1.46-1.59 
Very, very poor >38 >1.6 
 
  
In 1969, Grey and Beddow used the Hausner ratio for different metal powders and correlate it 
with flowability of the material using the angle of repose technique. They found that an increase 
in Hausner ratio leads to less flowable powders.  Bulk density measurements were also used as 
the flowability indicator by Abdullah and Geldart (1998) who assessed the flowability of 
porous and non-porous catalysts powders using the Hosakawa tester (PT-D, Micromeritics 
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Laboratory, Japan) for bulk and tap densities measurements. They observed that more free-
flowing powders are characterized by higher bulk density due to the decrease of the 
interparticle forces between particles such as van der Walls forces. In contrast, those forces 
were found dominant for fine particles, which leads to lower bulk densities. Nowadays, the 
Hausner ratio index is widely used in industry as the flowability characterization approach.   
 
Many studies have been performed on the influence of bulk density on material behaviour 
during mixing, or its role in phenomena such as segregation. For example, Shenoy et al. (2015) 
studied the effect of powder densities on the quality of binary food mixtures. For this purpose, 
they used materials such as dried herbs, sugars and salt, and measured the bulk density using a 
jolting volumeter for seven different binary mixtures. The mixtures were made from powders 
of similar size, specifically, with a size ratio, defined as larger size over smaller size, of less 
than 1.3. These mixtures differed in bulk density, with a bulk density ratio defined as the higher 
density over the lower density of the two components in the mixture, which varied from 1.5 to 
16.44. They evaluated the coefficient of variation (CoV), which is an index used in the food 
and pharmaceutical industry to ensure the quality of a product which should be below 6% to 
produce a satisfactory mixture quality (MQ).  It was found that the bulk density had a 
significant influence on MQ. Satisfactory mixtures were obtained with a density ratio lower 
than 3.5, while segregation problems were observed for the density ratio higher than 6 due to 
the downwards movement of denser particles through less dense particles with a reduction in 
mixture quality. Similar results were obtained by Barbosa-Canovas et al (2005) and Tang and 
Puri (2007) where particle density, shape and size were described as key causes for powder 
segregation in mixtures.  
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2.1.2 Particle shape 
 
One of the important powder properties is particle shape. Powder is composed of particles 
which present different and complex shapes depending on their manufacturing methods 
(Endoh, 2006). Therefore, the identification of particle shape is very difficult to achieve. As 
observed by Gamle et al. (2015), particle shape has become of increased interest in the 
pharmaceutical industry due to the introduction of Quality by Design (QbD), which is based 
on the understanding of the nature of particles and composites, for further modelling their 
interaction in complex systems and production of robust dosage forms. Several techniques have 
been developed for shape analysis, such as 2D methods like scanning electron microscopy 
(SEM) or laser diffraction and more advanced 3D methods such as X-Ray computed 
tomography (XRCT). Although, 3D methods can lead to a complete shape analysis of a 
particle, the reliability of data is still problematic (Seville and Wu, 2016). For this reason, to 
date, the simpler 2D methods have been commonly used in the industrial sector and is the main 
focus of the shape analysis provide in this thesis.  
2D methods are based on the projected image of a particle in a 2D plane and are measured in 
terms of pixels. Basic measurements such as length between features, area and perimeter are 
needed to represent the particle shape. Generally, for the length measurement, the most 
commonly used shape analysis is the Feret dimension, also known as Feret diameter, l, defined 
as the distance between two tangents to contour of the particle in as specific direction. A single 
particle can have a variety of Feret lengths depending on the directions of the Feret diameter 
(see Seville and Wu, 2016, for more details). Perimeter, P, is defined as the total length of the 
outline surrounding the projection of the particle determined in pixels as well as the area; AP, 
is the total number of pixels in a particle image. 
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Those basic measurements are used for the calculation of the shape factors which are 
considered to describe the shape of a particle. The principal shape factors are sphericity (Ss), 
aspect ratio (SA) and convexity (Sc) defined as follows: 
 
                                                                               𝑆𝑠 =
4𝜋𝐴𝑃
𝑃2
                                                           (2.3) 
 
where P is the measured perimeter of a particle projection and AP is the measured area covered 
by particle projection. 
 
                                                                                𝑆𝐴 =  
𝑙𝑚𝑖𝑛
𝑙𝑚𝑎𝑥
                                                        (2.4) 
 
where lmin and lmax are, respectively, the minimum and the maximum length measured over all 
the possible orientations. 
 
                                                                                 𝑆𝐶 =
𝐴𝑃
𝐴𝑃+𝐵
                                                                (2.5) 
 
where AP is the projection area itself and AP+B is the area of the convex hull as showed in 
Figure 2.1.  
 
Fig. 2.1 Convex area definition (Sympatec, 2010).  
  
Shape determination has been used to understand packing behaviour as illustrated in Podczeck 
and Sharma (1996), where the volume reduction of binary blends was found to be highly 
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influenced by the shape of particles. This same observation was obtained by Shenoy et al., 
(2015) for food powders, where irregularly shape (as oregano or thyme) led to lower bulk 
density due to an increase of inter-particle voidages. Several studies have also been reported 
for the effect of particle shape on properties, such as bulk density as reported by Hughes et al. 
(2015). They used a set of methodology for bulk determination (graduated cylinder and FT4 of 
different volumes) to find a suitable small-scale experiment that would leads to reliable and 
comparable results for bulk density without the needs of using high quantity of material. This 
was done to the necessity of reducing the sample for analysis in case of expensive excipient 
and/or API of low availability. For this reason, they studied materials with a wide range of 
morphological characteristics typically used in the pharmaceutical industry, such as the 
equant/lath Avicel PH 101, the lath/prism Avicel PH 102 and a high elongated API of small 
particle sizes (Material A). Experimental results showed the highest relative standard deviation 
(RSD%) for the Material A. The authors explained this result as due to the significant shape 
influence on bulk measurement for the Material A, which is characterized by elongated shape. 
Specifically, the elongated particles are the less reproducible, while materials such as MCC PH 
102, which is characterized by more spherical particles than Material A,  has acceptable 
precision (Fig. 2.2).  
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Fig. 2.2 Relative standard deviation (RSD%) results for various pharmaceutical materials 
using different bulk density techniques (Hughes et al. (2015). 
 
Fu et al. (2012) studied the effect of particle shape on flowability of three different grades of 
lactose in which two samples had different particle size but similar shape, while the third 
sample had similar size to one of the other two samples but highly different shapes. The 
flowability study were carry out using a powder rheometer (Freeman, 2007). It was observed 
the influence of particle shape on flow properties. More specifically, differences in particle 
shape significantly affect flow properties over a wide range of stress conditions. This was also 
noted by Kaye et al. (1991), who justified it as due to the differences in the cohesive properties 
of the bulk powder.  The relationship between the shape, the flow factor (ff) (Jenike, 1961) and 
the angle of internal friction of 8 different powders, such as MCC, paracetamol and starch, was 
also reported by Podczeck and Miah (1996). They concluded that the internal frictional angle 
depend more on the elongation of the particle while powder flow is more dependent on the 
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particle shape. More specifically, the flow factor is lower for needle shaped particle than the 
one for round particles, which means that needle shape materials have lower flowability.  
Furthermore, needle shape particles of MCC were also observed to have less elastic recovery, 
which leads to greater tablet hardness once the powder is compressed (Ceolus, 2016). Other 
compactibility study based on different particle shapes were presented by Podczeck and 
Sharma (1996) in which MCC powders were mixed with angular, spherical and needle-shape 
particles (acetylsalicylic acid). The maximum volume reduction due to the packing was 
indicated by the Kawakita constant, a (Kawakita, 1971). They demonstrated that angular 
particles improved the packing properties of MCC, while spherical and needle-shape particles 
lead to lower a values.  
 
2.1.3 Particle size 
Adi et al. (2007) defines a particle as ‘a single entity comprising part of solid or liquid’. 
Generally, a set of particles is called monodisperse or uniform if they have the same size, while 
a sample of particles that have different size, shape and mass distribution is called polydisperse 
or non-uniform as shown in Fig. 2.3:  
 
Fig. 2.3 A monodisperse system (a) and a polydisperse system (b) (Adi et al., 2007). 
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A polydisperse system is characterized by a distribution of particle size. To describe this 
system, it is necessary to introduce a parameter, called equivalent diameter of a spherical 
particle, defines as the diameter of the sphere having the same value of a particular physical 
property as the particle of interest, such as volume, surface area or projected area. Several 
different equivalent diameters are available in literature (Seville and Wu, 2016) and their 
definition depend from the type of method used to determine the particle size. Usually, various 
diameters can be measured from a single instrument for particle size characterization and this 
brings to different size results on the measurement of the same sample. This issue will be 
further investigated in this Section.  
 
For particle size analysis, various methods and instruments have been developed due to the 
increase interest in the size impact on drug bioavailability, on its influence on the material 
properties and in the way they respond to industrial processes such as tablet production in 
pharmaceutical industry (Podczeck and Sharma, 1996, Yin et al., 2005 and Washington, 1992). 
Nevertheless, the development of a technique that measures the size distribution with high 
accuracy and closely related to a specific phenomenon within an industrial process is still 
challenging.   
A simple method for size determination is the sieving technique. This method is based on the 
determination of the sieve diameter, ds, defined as the size of the particle that passes through 
openings of a known size. Usually the sample is a dry powder, but in the case of wet powders 
the wet sieving method can be used in which a clamping cover with spray nozzle (for the water) 
and a collector are required for the separation. An example of dry sieving system, usually made 
of brass or stainless steel, is shown in Fig. 2.4: 
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Fig. 2.4 Sieving system used. 
 
The sieving system is mainly composed of a stack of sieves, with meshes becoming 
progressively smaller from the top to the bottom. In this way, the powder is added from the top 
and subjected to mechanical vibration. The vibrations allow the distribution of particles in 
different stacks, as a function of their size. Nevertheless, an excessive sieving time can 
adversely affect the measurements and led to errors due to the breakage of fragile particles. 
Moreover, errors can occur also due to mesh stretching for overload of material or blinding 
issues due to particle blocking the sieve. However, this technique presents the advantage of 
enabling the sorted fractions to be retained and used for further analysis.  
Another method for size determination is based on light scattering techniques. In these 
techniques, the sample passes through a small view volume in which it is illuminated by a laser 
or incandescent light. The scattering light obtained is collected on lenses or mirrors, and 
focused on photomultipliers that convert the signal into a voltage pulse. The different pulses 
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are characterized by different amplitudes of the peaks and through their counting is possible to 
understand the number of particles present in a defined measuring range and to obtain the size 
distribution.  
Generally, light scattering techniques can be static or dynamic. In static methods such as 
microscopy, the sample is stationary, while in dynamic techniques the sample is dispersed in a 
gas or liquid and flow past the light source. These last techniques are also named dynamic 
image analysis techniques.   
 
A dynamic technique apparatus for size analysis is the Camsizer XT, which is a compact 
laboratory instrument for particle size and shape measurements. It uses the principle of digital 
image processing, in which dispersed particles pass in front of two bright, pulsed LED light 
sources. The shadows of the particles are captured with two digital cameras. One camera is 
optimized to analyse the fine particles with high resolution while the second camera is for the 
detection of the coarse particles. This led to a wider field of view (Fig. 2.5). Each camera is 
illuminated by one LED with optimized brightness, pulse length and field of view. The data 
are then analysed through the program CamsizerXT64. The size limits of the instrument are 
between 1μm and 3mm. 
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Fig. 2.5 Camsizer XT instrument setup (Particle analyser Camsizer XT, 2011). 
 
A second dynamic analysis techniques for size determination is the QicPic with Windox 5.0 
software (Yu and Hancock, 2008). QicPic is an image analysis technique comprising a light 
source for quasi-static imaging of fast moving particles with a double optical modules and a 
high speed camera. Similarly, to the Camsizer XT, the QICPIC can also be combined with a 
variety of dispersers, such as RODOS, GRADIS, MIXCEL, LIXELL, or OASIS. The RODOS 
disperser is used for all dry powder samples of size up to 1 mm, the GRADIS disperser is used 
for dry coarser granules for a better resolution, while the other dispensers are based on a wet 
dispersion system. The particle size limits are 0.55 µm – 3 mm.  
 
Several studies were performed to explore the influence of particle size on powder properties 
such as flowability, compactibility and compressibility (Thomson; 1997; Fitzpatrick et al., 
2004; Landillon et al., 2008; Mullarney and Leyva, 2009; and Vlachos and Chang, 2011). 
According to the literature, it is expected that a lower particle size would generally provide 
lower flowability as mentioned by Thomson (1997), which studied the flow behaviour for 
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hopper design. This was later explained by Fitzpatrick et al. (2004) who studied various 
powders having different size distributions, such as fine tea powder, cellulose and coarse 
tomato powders. He correlated the size distributions of the materials with the flow properties 
obtained using ring shear test experiments. It was observed that for a given powder, the 
reduction in particle size tends to a decrease in flowability. This was explained by the increase 
of the particle surface area (per unit mass) for fine particles, which provides a greater surface 
area enhancing surface cohesive forces and as a result the powder is more cohesive. Same 
results were observed by Landillon et al. (2008) for which a reduction of segregation problems 
occurred for materials having higher cohesion and lower flowability.  The influence of particle 
size on flowability was also investigated for binary and ternary mixtures of different size by 
Vlachos and Chang (2011). They concluded that the flowabiltiy depends on the properties of 
each component including size and shape. For this reason, future works are needed to identify 
which is the predominant factor.  
Other particle size studies were conducted to estimate the flow behaviour of powders as 
reported by Mullarney and Leyva (2009). They estimated the flow performance of 
uncharacterized excipients and API using a simple and material sparing approach for 
estimating the powder flow performance of previously uncharacterized single component 
powders when only particle size distribution data are available.  
 
Size analysis was also used for process understanding in the pharmaceutical processes such as 
compaction (McKenna and Mc Cafferty, 1982; Herting and Kleinebudde, 2007; Mansa et al., 
2008), dissolution (Li et al., 2015) and segregation (Jaklič et al., 2015; Wu et al., 2013). The 
increase of surface area available for bonding so higher cohesion due to decrease of size was 
also investigated for direct compression of MCC and lactose powders by McKenna and 
McCafferty (1982). A decrease in particle size caused a concomitant increase in compact 
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strength particularly at higher compressional forces. Size influence on other powder properties 
such as compactibility and compressibility were also described by Herting and Kleinebudde 
(2007). They investigated the influence of the size on compactibility and tablet properties made 
by direct compression for binary mixtures composed of microcrystalline cellulose (MCC) and 
a common pharmaceutical API (theophylline) of two different particle sizes.  It was observed 
that a decrease in particle size of MCC and API led to stronger tablets with higher tensile 
strength. Similar results were obtained by Mansa et al. (2008) who studied roll compaction 
behaviour of pharmaceutical excipients such as MCC and dicalcium phosphate anhydrous 
(DCPA) together with mixtures of these two powders.  They claimed the higher compressibility 
of powders was due to the wider granules size distribution of MCC, which resulted in a higher 
capacity for pore filling.  
  
2.1.4 Flowability 
Flowability is a term introduced to quantify the flow behaviour of bulk solids (Seville and Wu, 
2016). It is of primary importance for applications such as packing, hopper design or 
discharging material from a hopper into a die (die filling). Furthermore, it is one of the key 
properties to consider for the development of pharmaceutical dosage forms.   
 
Several methods have been developed for flowability characterization. One of the most 
common methods used is the Jenike method (1964) which examines powder flow due to a 
mechanical failure of a solid structure. In this model a bulk solid is consolidated under a 
stress (𝜎1) inside walls (Fig. 2.6a). During consolidation, there is a rearrangement of particles 
and the collapsing of voids included in the bulk solid. Simultaneously the material expands 
laterally introducing a stress σ2 transmitted to the walls. If it is assumed that under stress 𝜎1  a 
sample can support itself without the presence of the lateral walls (Fig. 2.6b), this sample can 
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be subjected to the fail test which consists of applying compression stress σc  until the sample 
fails and starts to flow (Fig. 2.6c). This compression stress is called unconfined yield stress.   
 
Fig. 2.6 a) confined uniaxial compression, b) consolidated sample and c) unconfined uniaxial 
compression. 
 
From the Jenike method it is possible to obtain the flow index defines the flow function FF as 
given by Eq. 2.6: 
                                                                            𝐹𝐹 =  
𝜎1
𝜎𝑐
                (2.6) 
 
where σc is the unconfined yield strength; and σI is the major principal compressive stress. 
 
A second parameter that can be determined from Jenike model is the hopper flow factor, ff, is 
defined as: 
                                                                             𝑓𝑓 =  
𝜎1 
?̅?
                         (2.7) 
 
where 𝜎  is the mean compressive stress on an arch. According to Eq. 2.6, the flow will occur 
only if σ1/𝜎 >FF. Fig. 2.7 shows all the possible locations of the ff and FF functions in the 
graph of 𝜎= f (σI) which determine when the flow does and does not occur.  
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Fig. 2.7 Graph of 𝜎 as a function σ1, divided in different zones based on the presence or 
absence of flow (Ganesan et al, 2008). 
 
The shear test is the common experiment performed for production of flow index results. 
Several instruments are available on the market such as the Jenike shear test (Jenike, 1964) 
and the Schulze ring shear test shown in Fig. 2.8 (Schulze, 1996).  
 
Fig. 2.8 Schulze ring shear tester (Schulze, 1996). 
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In the Schulze shear test, the ring is filled with the bulk solid. The experiment consists of two 
steps: a) a pre-shear in which a normal stress (σss) is applied to the material and the sample is 
continuously sheared. This step is characterized by increasing shear stress’ (τ) until it reaches 
a maximum constant value and the so-called steady state flow is achieved. In the second step, 
called shear, the shear stress (τ) is reduced to zero, and then a normal stress σ’ < σss is applied. 
By gradually increasing shear stress a second failure value τ’ is obtained. By repeating these 
two steps all the characteristic points of the material’s yield locus, which is defined as the plot 
of failure shear stress (τ) versus normal stress for a given consolidation stress state (σ), is 
collected (Fig. 2.9). 
   
 
Fig.2.9 Example of yield locus.  
 
Although the shear testers are commonly used for both free flowing and cohesive materials, 
they have the disadvantage of not being able to predict dynamic flow behaviour such as aerated 
or fluidised states. For this reason, other techniques have been developed focussing on the 
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determination of dynamic flow behaviour, which include the flow meter and the more 
elaborated FT4 powder rheometer (for more details see Section 3.2.4).  
 
Flowability studies are considered one of the most important characterization analyses for 
powder handling, quality control and process operations in several industries, such as 
pharmaceutical, food and metallurgy (Schwedes, 2003). The flowability of a powder is the 
result of the combination of several factors, such as particle size, shape, humidity, particle 
interaction, temperature, and electrostatic charge.  
According to the literature, smaller particle size generally leads to lower flowability as 
mentioned in the Handbook of Powder Science and Technology (1997). This behaviour was 
explained by Fitzpatrick et al. (2004), who performed experiments on 13 food powders and 
studied the flowability behaviour as a function of size. They observed that smaller particles 
provide a greater surface area and increase the surface cohesive forces as well as friction to 
resist flow. They concluded that there is a relationship between particle size and flowability, 
however this relationship is not strong as it is based only on a single physical property. 
Therefore, they suggested further research were required into other properties such as particle 
shape and moisture.  
 
Particle size influence was also studied by Vlachos and Chang (2011), who studied the 
relationship between powder flowability and powder physical properties such as particle size 
and shape. This relationship was analysed for samples having different particle size 
distributions including binary and ternary mixtures of aluminium, iron and copper and spherical 
copper. The flowability results were obtained using a Hall-flowmeter, while particle size was 
studied using a sieving machine. They concluded that particle size significantly effects 
flowability of granular material, more specifically powder flowability decreased with an 
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increasing particle mean size. The previous observation indicated that reduced powder size is 
associated with increased powder cohesion and, hence, poor flowability, however, for binary 
mixtures it was observed that adding a controlled amounts of fine powders to a mixture does 
not necessarily reduce its flowability.   
 
Vlachos and Chang (2011) also observed the shape influence on flow behaviour and found that 
elongated and irregular particles have poor flowability.  Moreover, wide distributions of 
particle shapes resulted in a higher impact on powder flowability. Mellmann et al. (2013) 
analysed the flow behaviour of crushed grain products and observed that when the particle 
shape deviates from a sphere and as the roughness of the particle surface grows, the flow 
properties decreases. Similar opinion was proposed by Abhay (2006) and Jaeda (2009) whose 
results demonstrated a dominating influence of particle size on flow behaviour.  
According to the literature, the influence of particle shape is not uniform compared with the 
influence of particle size. More specifically, contrasting results were found for studies on 
pharmaceutical powders by Emery (2008) and Podczek and Miah (1996), in which particle 
shape has a higher influence on flowability than particle size. This demonstrates how 
challenging material characterization can be and the importance of a complete characterization 
for better understanding. 
 
The influence of moisture on flowability was investigated by Fitzpatrick et al. (2004) who 
observed that a decrease of flowability was induced by the increase of moisture content for 
food powders. These results were also found by Emery et al. (2009) who found a non-linearly 
decreased of flowability with moisture content for pharmaceutical powders. This behaviour 
can be explained by the increase of the strength of liquid bridges formed between particles 
(Plinke et al., 1994).  
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2.1.5 Compressibility 
 
Powder compressibility is defined as the ability to deform under pressure (Sonnergaard, 2006). 
The powder is compressed in a confined space using a compressive force to reduce its volume. 
This volume reduction is caused by the diminution of intra and interparticulate pore.   As 
described by Salbu (2011), the compression can be described as a sequence of processes 
involving different mechanisms (Fig. 2.10)  
 
Fig. 2.10 Report of the mechanism involved in powder compression (Salbu, 2011). 
 
If a group of particles is compressed inside a die at low pressure, the first mechanism is the 
rearrangement of the particles, which leads to reduced porosity and closer packing. Gradual 
increase in pressure will lead to more internal friction between particles resulting from reduced 
space. This pressure increase will stop the rearrangement process and will encourage 
fragmentation to occur. Additional pressure increase at the higher range will then lead to 
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particle deformation which can be described as either elastic (temporary) or plastic 
(permanent). Material undergoing higher pressure after rearrangement can deform due to 
compressive forces. Depending on the material properties, once the compressive forces are 
removed, the sample can undergo an elastic recovery. As reported by Alderborn et al (1985), 
fragmentation and plastic deformation are mechanisms which lead to an increased strength. 
This can be explained by the formation of fine particles during fragmentation. The reduction 
of size increases the number of the contact areas between particles which cause more bonds to 
be formed. Similarly, plastic deformation leads to larger contact areas between particles that 
were previously more separated.  
 
The knowledge of compressibility is very useful for understanding powder behaviour during 
compaction processes. For this reason, several methodologies have been adopted to describe 
this property such as Heckel (1961), Kawakita (1971) and Adams (1994). Heckel approximated 
the densification under pressure of a material as a first-order rate process that is given by the 
following equation: 
 
−
𝑑𝜀
𝑑𝑃
= 𝑘𝜀     (2.8) 
 
where dε/dP represents the variation of void fraction (ε) with respect to pressure P, and k is a 
proportional constant which depends on the material and is related to the yield strength of the 
powder. A high value of k indicates a greater degree of plasticity (Seville and Wu, 2016). This 
constant has also been correlated to the yield stress (Py) by Heckel (1961) using the following 
equation in which the higher the Heckel yield stress is, the more difficult it is to compress the 
material: 
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                                                                        1
k⁄ =  Py                                                           (2.9) 
 
The void fraction is defined by: 
 
    𝜀 = 1 − 𝐷 = 1 −
𝑉𝑠
𝑉
               (2.10) 
 
where D is the relative density (also known as solid fraction) defined as the ratio between the 
solid volume (Vs) and the total volume (V).  
 
Integrating Eq. (2.8) using Eq. (2.10), the following equation is obtained: 
 
                                                         ln (
1
1 − 𝐷
) = 𝑘𝑃 + 𝐴                                                      (2.11) 
 
where P is the compression pressure applied; D is the relative density of the powder compact 
at specific pressure; and A is the coefficient related to the densification due to initial powder 
packing (die filling) and rearrangement of particles.  
 
Figure 2.11 shows the general plot used for heckle analysis described by Mahmoodi et al 
(2012). 
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Fig. 2.11 Schematic of a typical Heckel plot (Mahmoodi, 2012). 
 
Typically, the Heckel plot is divided in four different regions, each of which describes a 
different stage of the compaction process.  
 Phase 1 is characterized by low compression pressure and so the main mechanism 
leading to volume reduction is particle rearrangement.  
 Phase 2 is where the plastic deformation mechanism is dominated by powder volume 
reduction which presents an almost linear shape. Furthermore, from equation 2.11 it is 
possible to observe that the constant k is equal to the slope of this segment.  
 Phase 3 is dominated by the compact elastic deformation.  
 Phase 4 is characterized by the compact elastic recovery after the elimination of the 
compression force. 
 
A second approach to describe compressibility behaviour was proposed by Kawakita (1971), 
who similarly attributed the volume reduction of a sample to the application of pressure during 
compaction.  They expressed the dependence of the volume reduction (C) from the pressure 
applied (P) using the following equation: 
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                                                          C =  
V0 − V
V0
=
abP
1 + bP
                                                     (2.12)     
 
where C is the degree of volume reduction; V0 is the initial volume of the sample; V is the 
volume of the sample at pressure P; P is the compression pressure applied; and ‘a’ and ‘b’ are 
constants which are related to the initial powder porosity before compression and the yield 
stress of particles respectively.   
Linearizing Eq. (2.12), the following equation is obtained:  
 
                                                                
P
C
=  
P
a
+  
1
ab
                                                                 (2.13) 
 
The plot of P/C as a function of P is known as the Kawakita plot. From the slope of this linear 
relationship it is possible to obtain the reciprocal of a, while the intercept on the x axis gives 
the value 1/ab. In contrast to the Heckel equation, the Kawakita plot is sensitive to the initial 
packing as observed in Eq. (2.12). 
 
Due to the considerable relevance of compressibility in pharmaceutical and metallurgic 
industries, compressibility behaviour of several materials have been already characterized in 
the literature. For example, Zhang et al (2003) studied the compressibility of different grades 
of pharmaceutical excipients, such as MCC, lactose and DCP. They compared the results 
obtained using both Heckel and Kawakita equations. The compaction experiments were 
 35 
 
performed using a single-station manual tablet press. The data showed that MCC had excellent 
compressibility; this was explained by the plastic deformation during compression that brings 
wider surface area into closer contact and enhances the formation of boding between hydrogen 
atoms.  Starch, lactose, and sugar generally exhibited moderate compressibility. Lactose in 
particular produced soft compacts. This was explained by the influence of both plastic 
deformation and fragmentation because fragmentation generates a higher number of small 
particles; thus the number of contact points that support the applied load is large, so that the 
stress on each contact point is relatively small which results in low strength of the bonds. Lastly, 
DCP presented poor compressibility which is explained due to its brittle nature and to the 
higher influence of the fragmentation during the compression process.  Additionally, the 
binding mechanism for each material was established: MCC performs as a binder because of 
its plastic deformation under pressure; fragmentation is the predominant mechanism in the case 
of lactose and DCP. 
Size effect on compressibiltiy behaviour of powders were also investigated by Sun and Grant 
(2001), who considered L-lysine monohydrochloride (LMH) dihydrate crystallized and divided 
in different size classes using a sieving instrument.  In this study, the same batch was used to 
minimize the influence of shape factors on the analysis.  Compression analysis of powder was 
studied using the Heckel equation to calculate yield stress. The results showed that the yield 
stress increases with increasing particle size. This was consistent with the results obtained by 
York (1978), who analysed three different pharmaceutical powders such as lactose, 
chloroquine diphosphate and calcium.  They attributed the increase of yield stress and so lower 
compressibility for larger particles to the influence of the initial particle size on the volume 
reduction of the powder bed during compression. Large particles produce tablets with larger 
pores than fine particles, which means that the reduction of pores size due to plastic 
deformation is less efficient for larger particles. Therefore, the volume reduction for coarse 
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particles is slower than fine particles at a given compaction pressure leading to smaller slope 
of the Heckel equation (linear portion Fig 2.11) and therefore higher yield stress. Similar results 
were also obtained by  Khomane and Bansal (2013), who examined the compressibility of two 
pharmaceutical powders. They also observed higher yield stress for coarser granules. 
Additionally, this trend was observed when different compaction pressures were used.  
However, the Heckel plot has limitations, which were observed by Patel et al. (2006), who 
obtained different size ranges of paracetamol powder by sieving and compressibility studies 
using a rotary tablet press. At higher compression forces, no particular trend was observed 
which was attributed to the nullification of the effect of the particle size due to the extensive 
fragmentations at higher compaction pressure. This led them to conclude that Heckel plot may 
not be very usefull when comparing materials at very high compression pressures.   
 
Particle shape is another important material property that can influence compressibility 
behaviour. Wong and Pilpel (1990) observed that for ductile materials, irregular particles 
deform more easily then regular particles. In this work, 90-150 sieve fractions of Starch 1500, 
lactose and Emcompress were shape sorted into regular and irregular particles using a Jeffrey 
Galion shape sorting table.  Irregular particles presented smaller yield pressure values leading 
to more compressible materials. This was expleined by the the fact that irregular shape may 
reflect defects of the crystal which facilitate plastic deformation. Additionally, if the 
compression process of a material is governed mainly by fragmentation, the particle shape will 
not have a remarkable effect on the yield stress.  
 
Forbes et al. (1991) studied aminosalicylate salts powders and observed how more elongated 
particles have smaller yield stress than spherical ones. They explained the better 
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compressibility of elongated particles due to their orientation inside the bulk during 
compression. The orientation of the crystal plane is more uniform for elongated particles and 
consequently they tend to deform more easily than sphericasl particls when a pressure is 
applied.  
The limitiation of compressibility analysis was studied by Gamle et al. (2011). They showed 
how compressibility results varied from batch to batch. More specifically, they described the 
characterization of different batches for the same materials as proof of how material properties 
may vary from batch to batch. For this reason, they analysed the 5 different batches of Avicel 
PH 102 and 7 different batches of Vivapur 102.  Powder compaction experiments were 
performed using a Stylcam compaction simulator with external lubrication of the die using a 
magnesium stearate in acetone solution. Yield pressure was determined using the Heckel 
analysis. Vivupur batches had a lower variability than MCC PH 102 in compressibility 
properties, described by the value Py. 
 
2.1.6 Compactibility 
 
Compactibility is the ability of a powder bed to cohere into or to form a compact (Sun and 
Grant, 2001). Usually it is described in terms of tablet tensile strength as a function of tablet 
porosity (Tye et al., 2004). The relationship between tensile strength and porosity can be 
described using the Ryshkewitch equation:  
𝜎 = 𝜎0𝑒
−𝑘𝜀                                                             (2.14) 
where σ is the tensile strength, σ0 is the tensile strength at zero porosity, k is a constant and Ɛ 
is the porosity. 
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The majority of studies have been focus on the loss in compactibility due to roll compaction 
and granulation steps during the industrial process, which will be described in more detail in 
the next Section (2.2).  
It is reasonable to assume that particles properties of the material before compaction need to 
be considered for their effects on the compact (i.e. tablet) properties as well as on the 
compactibility of the powder (Alderborn and Nystrom, 1982). Consequently, the analysis of 
the impact of material properties on the mechanical strength of tablets can lead to an 
improvement of understanding of the compaction process. Shotton and Ganderton (1961) were 
the first to propose an equation that correlated the tensile strength of tablet and the original 
particle size of materials of sodium chloride and hexamine.  
                                                            𝐹 = 𝐾𝑑−𝑎             (2.15) 
where F is the force needed to break the compact; d is the particle diameter; and K and a are 
two constants.  
They observed a quite different behaviour of the materials and so introduced volume reduction 
as one of the main properties affecting the final compact strength in a compression process. 
Volume reduction is also known as the propensity of particles to fragment or deform during 
the compression process. They observed three main volume reduction mechanisms involved in 
the compression of powders: particle rearrangement, deformation and fragmentation. If the 
rearrangement was the predominant mechanism than the initial particle size affected the tensile 
strength of the final tablet. However, if a permanent deformation occurred as the principal 
volume reduction mechanism, the initial size was found to influence less the final strength of 
the tablet.  
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Size effect on tablet tensile strength has been debated in the literature. For example, Hersey et 
al. (1967) claimed that the particle size is one of the main variables to consider for prediction 
of tensile strength. Additionally, it was already generally assumed that a decreasing of particle 
size led to higher tensile strength of tablets. However, literature studies led to quite different 
results giving a somewhat confusing idea of the actual relation between size and tablets tensile 
strength. As an example, Alderborn and Nystrom (1982) studied the effect of particle size on 
the tensile strength of tablets for various materials such as lactose, sodium citrate, calcium 
phosphate dehydrate, saccharose and sodium chloride. They compressed the materials 
subdivided in various size range between 90 and 1000 μm at three different compaction 
pressures (160 MPa, 215MPa and 265MPa) and measured the tensile strength using a crushing 
test. An increase of tensile strength with decreasing particle size was found for lactose and 
sodium citrate while the strength of tablets produced by calcium phosphate and saccharose was 
almost independent of the initial particle size of the materials. Different behaviour was 
observed for sodium chloride which showed an increase in tablet tensile strength with increased 
particle size. The last result was explained by the large deformation mechanism due to the 
plasticity of the material involved during the compaction process. As explained by Shotton and 
Ganderton (1961), this leads to a less influence of the original material size on the tablet tensile 
strength. These results were further confirmed in the work proposed by Alderborn et al. (1988) 
on sodium bicarbonate powder.  
 
Other studies on the effect of particle size on tablet properties were studied by Sun and Grant 
(2001). They used L-lysine monohydrochloride dehydrate powder sieved in six fractions 
(<150, 150-250, 250-355, 355-595, 710-850 and 850-1000 μm) and compacted using the 
transverse compression procedure describe by Hiestand and Smith (1984). An increase of 
tensile strength with increasing compaction pressure was found for all the size ranges. 
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Nevertheless, tablets prepared by compacting fine particles reached the maximum tensile 
strength at a lower compaction pressure than coarser particles. This was in agreement with the 
higher compressibility of the fine particles suggested by the lower yield pressure (see Heckel 
plot, Fig. 2.11). However, at all the compaction pressures considered, coarser particles 
produced tablets of lower tensile strength and higher porosity. These results are consistent with 
the concept of increase of tensile strength for smaller particles due to higher cohesion forces 
described in Section 2.1.3 (McKenna and Mc Cafferty,1982; Herting and Kleinebudde, 2007; 
Mansa,2008). 
 
A limited number of studies have been performed on the analysis and correlation between 
particles shape and final tablet strength. One of the first studies was conducted by Lazarus and 
Lachman in 1966 on different batches of potassium chloride powder. After compaction 
experiments they found that more irregularly-shaped particles tend to produce tablets with 
higher tensile strength. A further study made by Shotton and Obiorah (1973) was focused on 
the difference in compactibility between two different particle shapes of sodium chloride, more 
specifically dendritic and cubic. As observed by Lazarus (1966) the powder with a more 
irregular shape resulted in stronger tablets.  This was later explained by Alderborn and Nystrom 
(1982) and Alderborn at al. (1988), who stated that the shape will affect the tablet strength for 
those materials characterized by limited fragmentation during the compaction process. More 
specifically, irregular shaped particles lead to a hihger final tablet strength. Generally, irregular 
particles lead to a higher number of interparticulate attraction areas. Additionally, during the 
compaction process irregular particles have been found to deform more than regular particles.  
 
This deformation was also observed on sodium chloride and starch powder samples 
characterized by different shapes (regular and irregular) in Wong and Pilpel (1990). They 
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attributed the increase of tensile strength of tablets due to the deformation of the asperities of 
the irregular particles which deformation generates an increased bonding strength between 
particles and thus higher tablet strength. However, for materials in which the fragmentation 
mechanism is predominant during the compaction process, the initial particle shape does not 
affect the compact strength as similarly observed for the size influence on tablet strength.  
 
In further studies presented in 2001 by Beyer et al., the shape of particles was also modified to 
improve the mechanical properties of paracetamol. More specifically, the crystal structure was 
changed from a monolitical crystal to an orthorhombic shape producing a material with 
improved compactibility. However, the structure was not stable and difficult to produce. 
Similar study by Garekani et al (2000) was focused on improving compaction behaviour using 
a modified crystal shape to produce paracetamol that led to an improvement of the 
compactibility behaviour. However, the employment of polyvinylpyrrolidone (PVP) for the 
crystal growth led to misperception of the influence of PVP on the compactibility properties. 
Most recently, Kaerger et al. (2004) studied the influence of particle shape on compactbility 
for mixtures composed of MCC and paracetamol. For this purpose, they used a micronized 
paracetamol of an irregular shape and a treated paracetamol (SAXS) characterized by a 
spherical shape. From the compaction experiments performed using a compression testing 
machine, the tensile strength values were found slightly higher for the micronized paracetamol 
than the more spherical SAXS. 
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2.2 Roll compaction and dry granulation processes 
 
Roll compaction was first developed for the production of coal briquettes in the late 19th 
century (Simon and Guidon, 2003). In the last 50 years dry granulation using roll compaction 
has been adapted as one of the most common agglomeration processes in many other industries, 
such as chemicals and pharmaceuticals. Typical RCDG processes involve two stages: i) roll 
compaction in which powders are compacted through two counter-rotating rolls to form 
ribbons or flakes; and ii) ribbon milling in which ribbons are milled into granules. The 
continuing increase of interest in this process is due to several advantages it offers compared 
to wet granulation, such as the absence of solvents or water in the process, which is of 
considerable importance to those substances sensitive to moisture. Another advantage of 
RCDG is that no liquid binder is needed so that no drying operation is required. Hence RCDG 
is a preferred agglomeration process for formulations involving substances sensitive to 
moisture or heat (Herting and Kleinebudde, 2007; Kaur et al., 2011; Wu et al., 2010; Seville et 
al., 2001). Moreover, RCDG is also an easy-to-operate continuous manufacturing process 
making process automation and on-line process control easy to implement. Consequently, 
batch-to-batch variations can be avoided (Miguélez-Morán et al., 2008; Leuenberger, 2001), 
product quality can be improved and running costs can be reduced (Miller, 1994; Yu et al., 
2013, Bultmann, 2002, Kuntz et al., 2011). 
 
The roll compaction process consists in the feeding and compression of a sample (i.e. single 
component powder or mixtures) in the decreasing gap created by the two counter-rotating rolls 
(Fig. 2.12).  In 1965 Johanson proposed a compaction model which consists of three different 
regions: slip, nip and release regions. The slip region is characterized by particle slipping and 
rearrangement with a small degree of densification and low pressure applied by the rolls on the 
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sample. In the nip region the powder is subjected to the highest compaction pressure due to the 
decreasing roll gap and the friction generated along the roll surfaces. A parameter called nip 
angle was introduced to define the angular location of the onset of the nip region to specify the 
transition from slip to no-slip wall boundary conditions. Lastly, the release region is initiated 
when the roll gap starts to increase again (Fig. 2.12).  
 
Fig. 2.12. Schematic diagram of the roll compaction process (Yu et al., 2012). 
 
The deformation that the powder is subjected to during the roll compaction process is still not 
completely clear. This is due to the difficulties in the measurements of the friction and pressure 
between the rolls and the materials, which largely control the compaction. For this reason, 
several roll compaction studies have been done to explore the influence on intermediates and 
final products of various parameters: feeding system, roll speed, roll gap, lubricant, feed 
materials and moisture. These parameters are discussed below. 
 
The effect of the feeding system on the size and friability of granules was observed on a 
Fitzpatrick L83 Chilsonator roll compactor by Inghelbrecht (1998a; 1998b). Two different 
screw feeding systems consisting of a vertical and a horizontal screw were used. They found 
that the screw speed in these two systems had a strong influence on the final quality of the 
products (i.e. granules size and friability): the horizontal screw speed controlled the amount of 
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material roll compacted and a lower screw speed produced granules with higher friability; 
while the vertical screw speed influence principally the dwell time of the material during the 
process.  
 
The effect of roll speed in roll compaction was first investigated by Petit-Renaud et al. (1998), 
who used an instrumented compactor (model B-100QC, K.R. Komarek, USA) to study the 
relation between roll speed and mass throughput. They found that, at a constant roll gap, the 
increase of roll speed led to a linear increase of the mass throughput and a decrease of the roll 
pressure. Yusof et al. (2005) studied the roll compaction process as a dry granulation method 
for typical food materials like maize powder. They used the Johanson theory of roll compaction 
to predict roll compaction behaviour from uniaxial die compaction. Using smooth roll surfaces 
with a roller diameter of 0.08 m and a roller width of 0.20 m, they found that with increasing 
roll speed more mass throughput was obtained.   
 
More recently, the development of a robust method for the determination of roll pressure and 
nip angle based on the intrinsic features of slip and no-slip interactions between the powder 
and roll surface was proposed by Shen et al. (2012). For this purpose two pharmaceutical 
excipients, characterized by different mechanical and flow behaviour, MCC and DCPD were 
used. Their experiments showed that the maximum pressure and the nip angle decreased 
sharply for cohesive materials (i.e. DCPD) with the increase or roll speed; however no 
correlation was found between roll speed and pressure in the experiments performed the free 
flowing MCC powder. 
 
The effect of roll gap on roll compaction behaviour was investigated by Bindhumadhavan et 
al. (2005). They studied the roll compaction behaviour of MCC PH 102 powders using a 
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laboratory scale instrumented roll compactor with gaps in a range of 0.9–2 mm. They 
concluded that the increase of roll gap produces an increase of compaction pressure. These 
results were in good agreement with the results obtained using the Johanson theory (Johanson, 
1965).  Later on, Yu et al. (2012) attributed the increase of compaction pressure due to the 
decrease of roll gap for powder passing by two counter rotating rolls to the higher friction 
between the rolls and powder at narrower roll gaps. They also observed that the powder 
compacted at smaller roll gap produce ribbons having higher bulk density (i.e. porosity or solid 
fraction).   
 
The effect of lubricant on roll compacted ribbons of MCC Avicel PH 102 was studied by 
Miguelez-Moran et al. (2008). For this purpose, magnesium stearate (MgSt) was employed as 
the lubricant, and roll compaction experiments were performed with lubricant and without 
lubricant. The ribbons produced were sectioned and the bulk density distribution examined. 
The results showed that wall lubrication did not influence ribbon density while bulk lubrication 
caused a decrease in the maximum compaction pressure and nip angle.  They attributed this 
behaviour to the increase of the friction between walls and powder. The authors argued that the 
homogeneity of the ribbon density was determined by the way that the powders were fed into 
the roll compactor and that the homogeneity and compaction pressure of the ribbons produced 
was determined by the feeding method and the flowability of the feed powders. Furthermore, 
the nip angle, peak pressure and density variation across the ribbon width decreased with 
lubrication.   
 
Several studies have also investigated the influence of feed material properties on the RCDG 
process. For example, Parrot (1981) studied powder properties such as size, flowability and 
bulk density and their comparison with granules properties. The granules were produced using 
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the RCDG process.  The results showed an increase of particle size, flowability and bulk 
density after roll compaction for all powders, and an increase of the density of the compacts 
(i.e. ribbon) as the compaction pressure increased. He explained the difference in behaviour of 
the different powders as being due to the brittle nature of lactose and dibasic calcium phosphate. 
The influence of the brittle nature of powders was also observed in the studies performed by 
Chang et al. (2008). They studied the dependence of granule size distribution on powder 
mixtures of mannitol and lactose which were investigated using a Gerteis Mini-Pactor roll 
compactor. It was observed that lactose granules were smaller than mannitol granules and this 
trend was primarily caused by the brittleness of the lactose.  
 
The effect of particle size on processing parameters available for a successful roll compaction 
(i.e. vertical and horizontal screw speed, roll speed) was investigated by Inghelbrecht and 
Remon (1998c). For lactose, with a smaller particle size and a poor flowability but reasonable 
binding properties, the range in which the value of the horizontal screw speed could be varied 
was larger than that for lactose, which had a relatively larger particle size. It was also reported 
that there were difficulties in roll-compacting spray dried lactose, which were observed due to 
the leakage caused by the excellent flowability. In 2008, Mansa et al. did roll compaction 
experiments on pharmaceutical powders using a costumer built roll compactor. The roll speed 
chosen was between 0.5 and 9 rpm, and the roll gap was adjusted between 0.5 and 5 mm. They 
studied the compaction behaviour of different mixture of MCC and DCPA. For all 44 different 
mixtures, it was observed an increase of nip angle with the increase of friction angle and with 
the decrease of roll speed. Additionally, the ribbon density increased with the average 
maximum pressure generated during roll compaction at lower roll speeds (1–3 rpm) 
particularly for pure MCC. This behaviour was explained by a combination of particle size 
effects and mechanical properties for MCC. They claimed that the wider particle size 
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distribution of MCC resulted in a greater capacity for pore filling and the particles were more 
easily able to yield and deform under the compression. In addition, the needle shape of the 
particles contributed to a stable compacted form. 
 
The influence of moisture content on the compaction behaviour during roller compaction was 
investigated by Gupta et al. (Gupta et al., 2005a and Gupta et al., 2005b), who focused on the 
effect of moisture content on the properties of roll-compacted ribbons (relative density, tensile 
strength and Young's modulus). They claimed that the moisture facilitated the powder 
compaction since it promoted the rearrangement and the deformation of particles. In addition, 
they showed that, for the mixture of MCC and crystalline acetaminophen (APAP), the tensile 
strength of the roller compacted ribbons first increased and then decreased with increasing 
moisture content (Gupta et al., 2005a). For the ribbons produced with MCC (Avicel, PH-200) 
at constant roller compactor settings and feed mass, the density remained unchanged but the 
tensile strength decreased as the moisture content increased (Gupta et al., 2005b).  
In 2010, Wu et al. evaluated the effect of moisture content in roll compacted ribbons of MCC 
PH 102. The moisture powders were characterized in terms of cohesion, angle of repose and 
angle of internal friction. When the moisture content was below 10%, the maximum 
compaction pressure was almost constant but, for a higher percentage of moisture content the 
compaction pressure sharply increased.  These results were attributed to variation in powder 
flow properties due to the moisture content.  
Although, as reported above, in the last few decades RCDG has been widely studied, the 
influence of the starting material properties on the entire process is still not completely 
understood. Furthermore, several limitations have been underlined in previous studies which 
still need further investigation.  
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The first limitation, compared to tablets produced by direct compression, the tablets made with 
the granules produced in RCDG generally have lower tensile strengths, i.e. there is a loss in 
tabletability, defined as the tensile strength as a function of compression pressure (Herting and 
Kleinebudde, 2008, Patel et al., 2008). Several attempts have been made to explain this 
behaviour. For example, Malkowska and Khan (1983) introduced the concept of ‘work 
hardening’ defined as the increase of resistance to permanent deformation of a material with 
the amount of deformation. They attributed the observed reduction in tabletability of 
pharmaceutical excipients after being granulated to work hardening. Sun and Himmelspach 
(2006) argued that granule size enlargement was primarily responsible for the reduction in 
tabletability of microcrystalline cellulose tablets. The powder was compacted using a Freund 
roll compactor (Model TF mini, Vector Corporation, Marion, IA) and the ribbons obtained 
were milled into granules using a Quadro CoMil (Model 193AS, Quadro Engineering, Inc., 
Canada).   
The generated granules, of different sizes, were then compacted into tablets using a tableting 
emulator (Presster, Model 252, Metropolitan Computing Corporation, NJ). They showed that 
tabletability of MCC powders reduced with increasing granule size. This behaviour was 
attributed to the fact that larger granules tend to pack less efficiently due to smaller 
binding/contact areas, which leads to a reduced tensile strength of the tablets. However, in a 
similar study on MCC powders, Herting and Kleinebudde (2008) gave a different explanation 
for their results. They used an instrumented roll compactor (Mini-Pactor, Gerteis, Switzerland) 
to produce ribbons and then granulated them using a pocket mould grooved granulator. Despite 
the similar findings of Sun and Himmelspach (2006), Herting and Kleinebudde (2008) 
attributed those findings to a combination of particle size enlargement and hardening of the 
material as proposed by Malkowska and Khan (1983), while Sun and Himmelspach (2006) 
attributed them to lower efficiency of packing for larger granules. One reason for the difference 
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between these two papers may be attributed to the difference in experimental conditions; in 
fact the presence of magnesium stearate in the work of Sun and Himmelspach (2006) may have 
resulted in a decrease of bonding between particles and so to a reduction of tensile strength. 
 
For this reason, the conclusion of Herting and Kleinebudde (2008) seems more reliable than 
Sun and Himmelspach (2006) in the case of a single component powder (i.e. microcrystalline 
cellulose). The correlation between granule size and compactibility was also evidenced in 
another study by Herting and Kleinebudde (2007), in which a correlation between granule size 
enlargement and comptactibility was presented. However, this relationship was observed only 
for a specific set of samples and no general understanding have been proposed. Besides, from 
studied performed by Kuntz et al. (2011) roll compaction induced an increase in compactablity 
for acetames granules, contrary to most investigated pharmaceutical powders. This leads to the 
conclusion that the loss in compactibility in the RCDG process is still not fully understood and 
unclear, and so it needs further investigation. 
 
The second limitation of RCDG is the generation of large quantities of small granules, which 
are also known as ‘fines” or “fine granules” (Herting and Kleinebbudde, 2007; Inghelbrecht 
and Remon, 1998). In practice, the fines may be recycled and re-granulated to improve the 
yield and reduce the waste. However, recycling of fines can cause segregation problems and 
large content variations in final products, as demonstrated by Sheskey et al. (1994) who 
investigated compaction efficiency and tablet friability for methylcellulose mixtures. They 
showed that reducing the content of recycled fines led to an enhancement of the tablet 
uniformity. Therefore, it is necessary to control and minimise the generation of fines in the 
milling process. However, this has been scarcely investigated and little is reported in the 
literature, except the work of Inghelbrecht and Remon (1998b), who performed a controlled 
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wetting process before roll compaction with an attempt to reduce the amount of fines produced 
during milling. They then examined tablets produced using dry compacted granules and those 
produced via a pre-compaction wet granulation with a fluidised bed granulator, for which the 
compacts were dried before milling. They found improved tablet quality (i.e. dissolution rate, 
tensile strength) and considerable decrease of dust during RCDG using the controlled wetting 
step. However, this method still includes the use of a liquid binder, which will lead to several 
limitations for moisture sensitive materials.   
 
One attempt to reduce the number of fines was made by Bultman (2002) who studied the effects 
of multiple roll compactions on microcrystalline cellulose granules (Avicel PH 101).  A Gerteis 
roll compactor was used to re-compacted the granules for 10 times at fix process conditions 
(i.e. roll gap, roll speed and compaction pressure).   The results showed a reduction of fines 
produced granules with an additionally increase of flowability and increased granule size. 
However, the final tablet tensile strength was reduced (i.e. lost in compactibility) and they 
described that as due to the loss of plastic deformability that the granules have after each re-
compaction step.   
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2.3 Die filling  
 
In the pharmaceutical industry, it is well recognized that the variation in composition and the 
quality of tablets are determined by material properties and process conditions. One of the 
greatest challenges in pharmaceutical development is to identify the causal relationship 
between material properties, intermediate properties, final product properties, and process 
variables, which is crucial to obtain high quality products.  
 
Tablets are generally manufactured by compressing dry powders or granules in a die, i.e., the 
die compaction. The die compaction process consists of three primary stages: die filling, 
compaction and ejection (Coube et al., 2005). During die filling, powders are deposited into 
the die under the effect of gravity. Flow behaviour during die filling controls tablet 
composition, tablet properties as well as the tendency of the powder to segregate due to the 
friction between particles and/or friction between particles and die walls (Wu et al., 2003, 
Schneider et al., 2007, Wu, 2008).  
Previous studies on die filling have been focused on factors such as powder characteristics, 
apparatus features and operating variables that influence flow behaviour. Material properties 
such as density was studied by Xie and Puri (2012), who investigated the die filling process 
using a pressure deposition tester (PDT-II) for alumina powders having different densities. The 
tester generates real time pressure distribution of powders at the base of the die during the die 
filling process. Experiments showed that materials having lower bulk density lead to irregular, 
low reproducible pressure profiles. Therefore, lower bulk density powders were characterized 
by a non-uniform die filling which leads to final tablets with non-homogeneous density. The 
influence of material density during die filling was also studied by Guo et al. (2011), who 
conducted an investigation into segregation behaviour of a binary mixture which consists of 
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particles having same size but different densities. A numerical analysis based on combined 
methods such as discrete element method (DEM) and computational fluid dynamic (CFD) was 
used. The results showed that difference in densities generates segregation during die filling. 
Less dense particles tend to settle on the top of the final powder pattern while denser particles 
at the bottom. However, this tendency is enhanced in the presence of air while less segregation 
is observed in absence of air.  
 
Other material properties such as particle shape and particle size may affect die filling 
behaviour. The key finding of previous studies is that the influence of these properties (i.e. size 
and shape) during die filling is mainly focused on the interaction with air (Wu et al., 2003, 
Yaginuma et al., 2007, Guo et al., 2009, Guo et al., 2011; Wu et al., 2010, Wu et al., 2013, Xie 
and Puri, 2012 and Mills and Sinka, 2013). For example, Yaginuma et al. (2007) explored the 
flow behaviour of different grades of MCCs (Fig.2.13) and spray-dried lactose mixtures during 
high-speed tabletting with a rotary press.  
 
Fig. 2.13 Example of different grades of MCC (Yaginuma et al., 2007). 
 
The results showed that needled-shaped MCC (Ceolus KG-802 Fig, 2.13a) presented excellent 
flowability behaviour and was considered the more suitable for high-speed tabletting. They 
attributed this results to needle (i.e. long and narrow) shape nature of the particles; particle 
characterized by this shape are able to uniformly hold air during feeding. Therefore, they lead 
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to an increase of flowability during die filling. Xie and Puri (2012) reported that powder 
deposition was affected by the physical properties (i.e. particle size and shape). Powders with 
various particle sizes and shapes were found to behave differently when filled in E-shaped dies, 
as indicated by the pressure distribution. The denser, larger sized and less spherical particles 
had the highest pressure close to the back, but the smaller spherical particles with lower density 
had the highest pressure in the middle. Mills and Sinka (2013) explored the effect of density 
and particle size, during gravity and suction filling, for several grades of microcrystalline 
cellulose powders. It was shown that fine particles present intermittent flow behaviour due to 
their cohesive property, while larger particles are generally free flowing.  In 2010, Wu et al. 
investigated flow powder behaviour during die filling using positron emission particle tracking 
technique (PEPT); which monitored the velocities of an individual particle.  Two grades of 
spherical microcrystalline cellulose were employed in this study using a model shoe system 
developed by Wu et al. (2003). They found higher filling velocities for coarse particles which 
resulted in an improvement of flowability and die filling efficiency. They explained this 
behaviour as caused by the presence of air in the die, which can inhibit significantly the flow 
of small particles but only partially the flow of coarse particles. These results are also in 
agreement with what observed by Guo et al. (2011), who modelled the die filling process in 
vacuum (i.e. absence of air) and in presence of air using a combined DEM-CFD model. Their 
conclusion was that during die filling in presence of air, the air inhibited the flow of small 
particle and lower density; while experiments in vacuum showed no particular differences in 
the mass flow between particles of different size and density. To conclude, both particle shape 
and particle size properties of a material have been shown to influence the die filling process 
and need to be considered.  
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Another material characteristic that influences die filling process is powder flowability. In 
RCDG, and more generally, in process design and drug formulations, it is important to consider 
the flow behaviour of the formulations during die filling because it governs the uniformity of 
the powder bed which will be then compacted to produce the tablet. Consequently, flow 
behaviour will influence tablet properties such as tensile strength and homogeneity (Wu et al. 
2013).  Yaginuma et al. (2007) investigated the correlation between tabletting and powder 
flowability. Powder flowability was measured using an angle of repose tester and the powder 
rheometer FT4. Additionally, they defined the angle of repose and the compressibility of 
powder as static flowability properties. From the results, it was observed that in the experiments 
performed using gravity feeding (i.e. no die feeder) there was a correlation between the 
flowability of the powder and the final tablet compressibility. However, this relationship was 
not predominant during the die filling using die feeder in which dynamic flowability (the 
flowability of air containing the powder) was found to be the main influencing factor.  
Xie and Puri (2012) proposed that smaller particles have poor flowability due to the small size 
and the increased surface area which leads to an increase of cohesion forces.  However, other 
studied suggested that powder flowability does not influence die filling behaviour. For 
example, Felton et al. (2002) studied capsule filling on mixtures composed of MCC and 
silicified microcrystalline cellulose (SMCC) using a tamping-tape encapsulation machine. 
These experiments were aimed to understand the influence of powder flowability on the 
encapsulation filling. The results showed that the fill weight was higher and more reproducible 
with SMCC which has better flowability. However, MCC formulations presented almost 
similar results even if their flowability was lower. Therefore, they suggested that powder 
flowability may not be a critical parameter for encapsulation filling.  This suggestion may be 
justified by the similarity between the formulations used (i.e. MCC and SMCC) but it cannot 
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be applied as general rule. To conclude, flowability property and its influence in die filling 
process is still not completely clear. 
 
Additionally, to material properties, several studies have been reported in the literature focused 
on the alteration of apparatus features, such as die width and feed frame design, to investigate 
their influence on die filling processes. For example, the effect of die width was investigated 
by Bocchini (1987), who showed that the apparent (bulk) density during filling, defined as 
filling density, decreases proportionally with the die width. The filling density was correlated 
with the shoe speed as evaluated by Rice and Tengzelius (1986), who showed that the filling 
density increased as the shoe speed decreased. Mendez et al. (2011) investigated the influence 
of different feed frames, device used in rotary tablet presses, and different feeding speeds on 
the quality of tablet made of mixtures of lactose and USP/paracetamol (APAP). They found 
that the type of feed frame at different feeding speeds influence powder hydrophobicity due to 
over lubrication of the powders caused by the shear. More specifically, they underline the 
problematic issue in order to maximize die filling uniformity, the system needs to operate in 
conditions that probability maximizes the lubrication, which would lead to an increase of 
flowability and a decrease in tablet tensile strength. 
 
Other studied were focused on the variation of apparatus features to improve powder 
segregation during die filling. For example, Lawrence and Beddow (1968) studied die filling 
behaviour for mixture of fine and coarse powders from a stationary hopper. Segregation was 
found due to the movement of the fine particles on the powder bed during the process.  But 
with the decrease of fill time or enhancing the drop height, a reduction of segregation was 
observed. 
 
 56 
 
Studies on the influence of different process conditions, such as die filling in air or in vacuum, 
were examined by Wu et al. (2003). They investigated die filling behaviour of five metal 
powders in air and in vacuum and showed that powder flow patterns during die filling could 
be classified into nose flow and bulk flow, depending on the shoe speed.  Moreover, it was 
shown that the filling rate in vacuum is much higher than that in air. Furthermore, a new 
methodology based on the concept of critical shoe velocity was proposed by Wu and Cocks 
(2004) to characterize powder flow; the critical fill speed was defined as the highest filling 
speed at which the die can be completely filled. The die will not be completely full if the 
velocity is higher than the critical velocity. In this way it was possible to determine the fill ratio 
(the ratio between the mass deposited in the die at a given speed and the mass of a full die) at 
these higher speeds using the following equation: 
                                                                 𝛿 =  (
𝜈𝑐
𝜈𝑠
)
𝑛
                                      (2.16) 
where νc is the critical velocity, νs is the shoe speed and n is a coefficient of value between 1-
1.6.  
Studies on die filling process in air and in a vacuum was also modelled using a coupled discrete 
element method with computational fluid dynamics (DEM-CFD) by Guo et al (2009). They 
characterized flow in terms of mass flow rate and found that the mass flow rate is constant in 
vacuum. While in air, it was revealed that there was an air-sensitive regime for light and small 
particles, in which the mass flow rate increases as the particle size and density increase, and an 
air-inert regime for coarse and dense particles, in which the effect of air flow is negligible. 
Other process conditions such as stationary shoe and moving shoe effects on die filling was 
investigated by Guo et al. (2011). They studied the segregation induced by air during die filling, 
where DEM-CFD was used to simulate mono-dispersed mixtures. For die filling using a 
stationary shoe, segregation was induced due to the air presence and a lower concentration of 
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light particles was found at the lower region of the die. Whereas, for die filling using a moving 
shoe, lighter particles predominantly congregate in the leading edge of the flow stream.  
 
Although several investigations on die filling have been proposed both experimentally and 
numerically, previous studies focused on the influence of the granule properties (produced 
using the RCDG process) on die filling behaviour and how this is correlated with the raw 
material properties and process variables are not fully understood and needs further analysis. 
For this reason, in this thesis it will be explored the correlation between raw material properties, 
granules properties, such as size, and die filling behaviour for an improvement of RCDG 
process understanding. 
2.4 Die compaction and the Drucker Prager Cap Model 
 
Powder compaction is one of the principal production steps widely used in fine chemicals, 
powder metallurgy, agrochemical and pharmaceutical industries for the production of products 
as engineering parts, pellets and tablets. The die compaction process consists of introducing 
powder into the die (die filling step), compressing a powder using high pressure (compression 
step), and ejecting the tablet formed (ejection step) as shown in Fig. 2.14. 
 
Fig. 2.14 Schematic diagrams of die compaction process (Inman et al., 2009). 
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Inman et al. (2009) described each of those steps as driven by different mechanisms such as 
particle rearrangement, deformation and fragmentation. Indeed, die filling is mainly a step 
driven by gravity as the main force in which the particles are rearranged based on the die 
geometry and the filling speed (see more details in Section 2.3). As described in Section 2.1.5 
(Fig. 2.10), powder compression is a complex process consisting of particle rearrangement at 
low pressure range, the increase of which leads to a porosity (and so volume) reduction caused 
by particle deformation. Generally, at high compaction pressures plastic deformation is the 
main mechanism, at lower compaction pressures material elasticity is dominant. During 
ejection, the powder bed expands based on the material properties along all the directions 
(radial and axial). During the expansion process, problems, such as lamination or capping, can 
occur as observed by Akseli et al. (2013).  
These issues, together with the limitations described in the previous Sections of the RCDG 
process, leads to the creation of insufficiently strong compacts. This is a complex problem 
which needs to take into consideration the interactions between raw material properties, process 
conditions and final product quality. Although experimentation remains the principal way of 
development and understanding powder compaction, computer modelling has become of 
increasing interest in the last 15 years because it offers an insight to compaction and the 
capacity of analysing the process offline (Cunningham et al., 2017). 
 
To date, two different modelling techniques have been used for powder compaction: the 
Discrete Element Method (DEM) and the Finite Element method (FEM). DEM is a numerical 
method which models dynamics of a system of particles considered as an assembly of particles 
(Wu and Seville, 2016).  Usually for the process in which particle rearrangement and 
deformation are not predominant, DEM is the easier and more widely used way of describing 
powder behaviour and particle interaction forces using specific force-displacement laws. 
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However, one limitation of DEM is its inability to reproduce, single or clusters of non-spherical 
particles and particle deformation, which limits its ability to match real particles (Cundall and 
Strack, 1979; Heyliger and McMeeking, 2001; Martin et al., 2003). Therefore, in the case of 
powder compaction a continuum modelling approach with FEM is preferred.  
 
FEM is a computational technique for finding an approximated solution to differential and 
integral equations (Wu and Seville, 2016). Using the FEM method, the powder is treated as a 
continuum media instead of an assembly of particles as used in DEM. The compaction of 
powder is described using partial differential equation which represents mass, energy and 
momentum balances and various law are introduced to describe the compacted powder as a 
function of the stresses applied.  In this way, powder behaviour during compaction can be 
reproduced over a wide range of geometries and stress conditions. The powder is generally 
modelled as elastic-plastic materials in which the yield behaviour is approximated using yield 
models, knows as yield surfaces (Wu and Seville, 2016). The term “yield” defines a non-
reversible material deformation (i.e. a deformation that cannot go back to its initial state). When 
using FEM models for powder compaction, it is crucial to describe the material properties such 
as elasticity and plasticity and their calibration.  
 
Numerous models have been developed to describe the plastic behaviour of particulate 
materials, such as the Cam-Clay model (Schofield and Wroth, 1968) or the Gurson model (Di 
Maggio and Sandler, 1971). However these models do not address powder states as hardening, 
consolidation and softening. For powder compaction the most widely used model is the 
Drucker-Prager-Cap (DPC) model (Drucker and Prager, 1952), which was initially developed 
for plastic deformation in soils during compaction.   
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Several finite element analyses have been performed using the DPC model to determine the 
mechanical behaviour of powder during compaction (Michrafy et al. 2002/2003/2004; Sinka 
et al., 2003; Cunningham et al., 2004, Wu et al. 2005; Han et al., 2008; Zhang et al., 2010;  
Diarra et al., 2012; Krok et al. 2014; La Marche et al., 2014). For example, the density profile 
of the MCC powder compacts was investigated by Michrafy et al. (2002). The input parameters 
for the model in which the density was kept uniform, were estimated from experimental data. 
Experimental comparison revealed that it is possible to correlate powder properties, friction 
and loading path with the final density distribution; however some parameters, such as α, could 
not be predicted. In further studies, Michrafy et al. (2004) investigated the density distribution 
of MCC PH 102 tablet using FEM. The input parameters were determined using the DPC 
model. As improvement from the previous work, they considered the variation of the Young’s 
modulus as a function of relative density, which was measured using a four-point beam bending 
test. FEM simulation results were in good agreement with experimental results and it was 
proved that it is feasible to correlate powder parameters and wall friction to the density 
distribution of the tablet. The calculation of the Young’s modulus E gave good agreement with 
literature data; however several assumptions in the calculation of the experimental parameters 
used as input for the models led to the Poisson ratio being quite different, needing to be 
reconsidered for more accurate results. In 2005, Wu et al. found that finite element analysis 
(FEA) can well reproduce the correlation between tablet relative density and the applied 
compaction pressure obtained experimentally. Moreover, detailed analysis on the stress 
distribution during unloading demonstrated that FEA can predict possible failure patterns (i.e. 
capping) observed experimentally. Similar work was proposed by Shang et al. (2013), who 
used the DPC parameters applied to FEM simulation for the prediction of breakage forces of a 
curved face tablet made of MCC PH 102. They proposed this novel numerical procedure as 
potential use in the pharmaceutical industry for the study of tablet breakage. However, the 
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method has been applied only on a round face tablet and so it needed further studies for a more 
general method applicable to different tablet shapes.  The effect of lubricant on powder 
compaction was studied by Sinka et al. (2003), who used a modified DPC model to analyse die 
compaction of microcrystalline cellulose (MCC) powder in lubricated and unlubricated dies. 
The density distribution prediction from the model was validated experimentally with density 
analysis using indentation testing. They concluded that the model can be applied to powder 
subjected to high triaxial stress conditions at low initial apparent density. Moreover, the effect 
of friction between powder and die walls leads to different trends in terms of density 
distribution in the tablet for lubricated and unlubricated dies.  In 2003, Michrafy et al. studied 
the lubrication effect during die compaction on the friction coefficient for three different types 
of MCC powders: MCC Avicel PH 101, MCC Avicel PH 102 and MCC Avicel PH105. More 
specifically, they studied three different modes of lubrication: lubricated die, non-lubricated 
die and lubricant mixed with the powders. Magnesium stearate was used as the lubricant with 
a weight percentage of 1%. The results showed a strong dependence of the friction coefficient 
on the lubrication mode. In Fig. 2.15 the results obtained for the friction coefficient as a 
function of relative density is presented based on the three lubrication cases for the same 
material, MCC Avicel 101.  
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                             (a)                                             (b) 
 
(c) 
Fig 2.15. Friction coefficient vs. relative density: a) lubricated die; b) unlubricated die and c) 
powder lubricated with stearate of magnesium (1 wt%). (Michrafy et al., 2003). 
 
It can be observed that the friction in the lubricated die decreases initially and then tends 
towards a constant value of around 0.18. For a non-lubricated die, the friction decreases initially 
but for density higher than 0.6, it increases until a constant value of 0.4. This was explained by 
the equation used for friction determination (Michrafy et al. 2003) in which the continuous 
decrease of tablet height and a constant ratio between strain of upper and lower punches strains 
leads to an increase of friction coefficient for relative density higher than 0.6. The last 
lubrication mode presented very complex behaviour for the various materials but for MCC PH 
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101 it had similar behaviour to the lubricated die but at a slightly higher value of friction 
coefficient, around 0.2. Therefore, the main conclusion was that lubrication reduces the friction 
between the die walls and the materials in all the cases; however, mixtures results were too 
difficult to interpret. Friction studies were also performed by Krok et al. (2014), who examined 
the effect of friction on density distribution for MCC tablets.  More specifically, they analysed 
the effect of lubrication as a function of the geometry of the compression space. For this 
purpose, they considered three different type of shapes: flat-face (FF), flat-face radius 
edge (FFRE) and standard convex (SC) tablets.  In contrast to previous studies they proposed 
an extended study on eight different wall friction coefficients for eight different geometry 
configurations. The results showed that wall friction behaviour is closely related to the 
geometry of the tablet model. For this reason, to optimize tablet quality, the correct value of 
lubrication must be chosen based on the different tablet shape considered to obtain an adequate 
friction value. For example, their simulations revealed that the optimal value for MCC powders 
is μ = 0.2. Additionally, FFRE and SC tablets resulted in being more subject to shearing, which 
might indicate the possibility of increased damaged tablets.  
 
Later studies, proposed by Zhang et al. (2010) described the use of a novel instrumented cubic 
die in which force transducers were designed for the study of the loading-unloading curves 
during metal powder compaction. They proposed both a theoretical and experimental method 
for the DPC determination using the cubic die. Furthermore, they used the parameters for FEM 
simulation validation.  
Experimental determination of DPC parameters were made by Cunningham et al. (2004), who 
used these parameters as input in FEM modelling of powder compaction. All the parameters 
were calculated using a modified DPC model for MCC Avicel PH 102 and described as a 
function of relative density (RD). Simple mechanical tests such as diametrical compression, 
 64 
 
simple compression and die compaction were used experimentally to determine both elastic 
parameters (Young’s modulus (E) and Poisson ratio (ν)) and plastic parameters (Cohesion (d), 
Angle of internal friction (β), cap eccentricity (R), and pb). The results highlighted that the 
parameters are a function of RD and that the use of a constant value, often applied in other 
studies, may not be appropriated as it does not describe the real evolution of the microstructure 
of the deforming powder during the compaction.  Study of density distribution in MCC PH 101 
tablet during die compaction was also explored by Han et al. (2008), in which a modified DPC 
model have been used for FEM simulation. To determine elasticity, they used a nonlinear 
elasticity law to describe the unloading behaviour (see Coube and Riedel (2000) for more 
details). A compaction simulator with instrumented die was used for this purpose. Additionally, 
extending previous studies, they considered two different punch shapes: a flat face and a 
concave face. The loading and unloading curves obtained using simulation were compared with 
experiment in Fig. 2.16 for a tablet of 11mm in diameter.  
 
Fig. 2.16 Finite element prediction and experimental validation of unloading-loading curves 
for a 11 mm tablet. (Han et al., 2008). 
 
The good agreement, proved again the genuine predictive capability of the FEM model for 
powder compaction and the potential applicability of these model for analysis of issues such 
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as capping and lamination. However, the use of a single powder for the experiments is not 
enough to propose a general methodology for other excipients and for mixtures.  
Mixtures were studied by Diarra et al. (2012), who used the Finite Element Method for 
simulating die compaction behaviour of a cosmetic powder mixture. DPC parameters were 
determined and the experiments were to the simulation. It was observed that, although there 
was a good agreement between the results of axial transmission, hardening behaviour and 
plastic deformation, the results for the overall compression path were quite different (Fig. 2.17). 
Moreover, the elastic behaviour using the elastic linear model used in the simulation was shown 
to be not appropriate as previously mentioned by Han et al. (2008).  
 
Fig. 2.17 Comparison between experimental results (black) and simulation (grey) for the 
compression path (i.e. loading, unloading and ejection). (Diarra et al., 2012). 
 
DPC parameters for various excipients, API and blends were determined by La Marche et al. 
(2014). The study of the compaction behaviour of these major excipients is important for a 
better understanding of tablet properties. For this reason La Marche et al. (2014) calculated the 
DPC parameters for 14 samples. The results obtained for some of the DPC parameters as a 
function of RD are presented in Figure 2.18. 
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Fig. 2.18 DPC parameters as function of RD for single component powders. (La Marche et 
al., 2014). 
 
The results showed that the materials' stress state during compaction can be quite different 
based on the type of materials and is associated with densification by plastic flow from the 
materials associated with brittle fracture. Other key findings were that the DPC parameters can 
predict patterns which suggest compaction risks of formulations. For example, it was observed 
that the materials with issues related to tablet strength, such as chipping, had lower cohesion 
than other materials; materials with high hydrostatic yield stress were difficult to compact to a 
sufficient strength. Lastly, materials with a high Poisson's ratio or a low Young's modulus tend 
to produce tablets with more defects. Studies on blends demonstrate the wide variety of 
compaction properties that can be observed; for example API blends (see La Marche et al., 
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(2014) for more details) were found to behave significantly differently from either the 
excipients or the formulated materials. They concluded that the dataset created is useful for 
correlations between DPC parameters.  However, a larger dataset would better help the 
understanding the behaviour of blends. One of the main issues in their study was that the blends 
were made using API, with which pure tablets could not be produced due to their low tensile 
strength and brittle property; hence, it was not possible to identify of the influence of the single 
components on the blends/mixture.  
 
2.5 Summary  
 
The main purpose of the RCDG process is to produce free-flowing materials, which leads to a 
more uniform feeding during all the processes of production (e.g. storage, filling). Furthermore, 
it results in a more uniform packing, which can improve the quality of the products. As 
described in the previous sections, particle characteristics such as density, size, shape, 
flowability, compressibility and compactibility largely influence powder behaviour during the 
RCDG process. For this reason, the investigation of these characteristics for several 
pharmaceutical excipients is the first objective of this thesis.  
Using the powder characteristics determined from the first objective, the key limitations 
described for the RCDG process will be investigated. Specifically, the second objective is to 
improve the understanding of the production of fines during ribbon milling, while the third 
objective is to investigate the influence of die filling and granule size on the final tablet quality 
(i.e. tensile strength) to gain a better understanding of the relationship between the die filling 
and the die compaction processes.   
To conclude, literature studies on die compaction underlined the need to improve the 
knowledge of the influence of each single excipient on the compaction behaviour of the powder 
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mixtures, the last objective of this thesis is focused on the study of the compaction behaviour 
of pharmaceutical mixtures and their single components. 
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CHAPTER 3 MATERIALS AND METHODS 
 
3.1 Materials  
 
In this study, pharmaceutical powders are considered. For pharmaceutical powders, excipients 
such as microcrystalline cellulose of three different grades, mannitol and lactose have been 
chosen for their high relevance in pharmaceutical formulations (Prigge and Sommer, 2011).  
Indeed, an improvement in the understanding of their behaviour and of the influence of their 
properties on products such as tablets could lead to improved understanding of the roll 
compaction using dry granulation process.  
 
3.1.1 Pharmaceutical powders 
 
Microcrystalline cellulose (MCC) is carbohydrate, white free-flowing, odourless and tasteless 
powders. It is a depolymerized cellulose prepared by treating alpha cellulose with mineral 
acids. The main source of MCC for pharmaceutical application derived from fibrous materials 
as wood pulp. The most common manufacturing process for MCC powders is the so called 
spray drying, in which controlling the process conditions is possible to manipulate the particle 
size distribution and the moisture content. Microcrystalline cellulose is widely used in 
pharmaceutical formulations, primarily use as a binder/diluent in oral tablets and capsule 
formulations, furthermore, it is also used as lubricants and disintegrants that make it useful in 
tableting. It is used in either wet-granulation or direct-compression. In this work, 
microcrystalline cellulose (MCC) of three different grades, defined MCC Avicel PH 101, MCC 
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Avicel PH 102 and MCC DG (FMC, Biopolymer, USA), were considered. All the powders 
described above are pure component apart from MCC DG that is a newly formulate 
microcrystalline-based excipient composed of 75% of MCC and 25% of anhydrous calcium 
phosphate (FMC BioPolymer, 2014). 
 
Lactose is a disaccharide, white, odourless powder, soluble in water but insoluble in organic 
solvents.  Generally, it has low hygroscopicity, high chemical and physical stability. Lactose 
is widely used as a filler and diluent in tablets and capsules, as a sweetener in liquid 
formulations and to a more limited extent in lyophilized products to aid cohesion and infant 
formulas. It is also used as a carrier in dry powder inhalation products, more specifically, 
different lactose grades with various particle size ranges are commercially available for 
capsules as a function of the instrument to use. Lactose is also used in wet-granulation for tablet 
production, usually, fine grades of lactose are used in the preparation of tablets, since the fine 
size allows better mixing with other formulation ingredients and utilizes the binder more 
efficiently. Several different grades of lactose are available for pharmaceutical and food 
applications, such as spray-dried lactose, beta-anhydrous lactose and alpha-monohydrate 
lactose crystals (Jivray et al., 2000). In this work, the milled alpha-lactose monohydrate lactose 
powder (Granulac 140, Meggle GmbH, Germany) was used.  
 
Mannitol is one of the most common used excipients in pharmaceutical formulations and food 
products. It is primarily used with moisture-sensitive active ingredients due to its low 
hygroscopic and high chemical stability. Mannitol is soluble in organic solvents and partially 
insoluble in water. It is widely used as an excipient in the manufacture of chewable tablet 
formulations due to the ability to enhance dissolution of oral dosage forms and the sweet taste. 
In this work, mannitol (Pearlitol 200 SD, Roquette, UK) was used.   
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Since it is not hygroscopic and may thus be advantageous for moisture-sensitive active 
ingredients, mannitol is used in pharmaceutical preparations as a diluent in tablet formulations. 
It is also used in direct compression or in wet granulations. Furthermore, it is utilised as 
excipient in the manufacture of chewable tablet formulations because of its negative heat of 
solution, sweetness. Other common uses are: diluent in rapidly dispersing oral dosage forms, 
plasticizer in soft-gelatin capsules, carrier in dry powder inhalers and as a diluent in rapidly 
dispersing oral dosage forms. 
 
Pharmaceutical mixtures are often formulated with excipients into glassy solid mixtures. The 
knowledge of the glass transition behaviour of pharmaceutical excipients can be very useful to 
develop formulations that are physically and chemically stable (Yu et al., 1998). The 
temperature below which a solid stays in glassy state and above which goes to viscous liquid 
form is called glass transition temperature (Tg). This phenomenon is shown by amorphous 
solids (Jadhav et al., 2009). Generally, at temperatures below the Tg, the molecular chains are 
not able to move due to the low energy, this leads to an essential rigid amorphous structure due 
to short chain length, molecular groups branching off the chain and interlocking, or due to a 
rigid backbone structure. If the material is heated, the energy gained is high enough to aloud 
the change of structure from amorphous rigid to a flexible structure in which the molecules 
move freely around each other.  This transition point is called the glass transition temperature 
(Mereco, 2017). Materials having high Tg are usually harder and easy to process because in 
the glassy state (state below the Tg), the powder gets tougher and has higher strength. The glass 
transition property influences the plasticisation (the ability to plastic deformation) of the 
powder during compression. If the compaction process produce an increase of temperature that 
reaches the glass transition temperature of the powder under analysis, then the material will 
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become more flexible and the plasticity deformation tendency will decrease together with the 
strength of the tablet produced (Jadhav et al., 2009). From previous studies (George Weber, 
2012) the temperatures reached during powder compaction can increase between 5-30º above 
room temperature and for this reason the knowledge of the glass transition temperature needs 
to be considered. For the pharmaceutical excipients taken into consideration in this thesis the 
Tg was found to be higher than 100º, i.e. MCC~130º and lactose~ 101.2º, (Jadhav et al., 2009; 
Piker and Hoag, 2001), so it is argued that glass transition temperature has not been reached 
during the compaction experiments 
 
3.1.2 Pharmaceutical blends 
 
Three mixtures (Table 3.1) of MCC Avicel PH 102 and lactose were also considered. These 
mixtures were produced using a mixer (TURBULA T2F, Wab, UK) and named mixture 1, 2 
and 3 based on their compositions. The samples were mixed for 15 minutes at a constant speed 
of 34 min-1.  
Table 3.1. Mixtures composition. 
Mixture 
Lactose 
(%) 
MCC Avicel PH102 
(%) 
1 25 75 
2 50 50 
3 75 25 
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3.2 Powder characterisation 
3.2.1 Density  
True densities of powders were determined using a Helium Pycnometer (AccuPyc II 1340, 
Micromeritics, UK) with 20 measurements per sample (Fig. 3.1). The true density is given by 
 
𝜌𝑡 =  
𝑚
𝑉𝑡
  
 
where m is the mass of a powder and Vt is the volume of the particles. 
 
 
Fig. 3.1 A Helium pycnometer system (AccuPyc II 1340, Micromeritics, UK). 
 
For bulk density characterization, the powder is sieved with a mesh of 0.5 mm to break up the 
agglomerates formed during storage. The powder is then weighed, filled in a 250 ml graduated 
cylinder, and levelled very gently with a soft brush without compacting the powder. The bulk 
volume (V0) is then determined and the bulk density is determined by  
 
                                                                   𝜌𝑏 =  
𝑚
𝑉0
                                                                (3.2) 
 
(3.1) 
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Tap density is determined using a tapped density tester (Coplay, JV2000, UK). The powder is 
weighted and the bulk density measured as described above. Then the cylinder is subjected to 
mechanical tapping and the tapped volume is measured at 10, 500 and 1250 taps and named 
respectively V10, V500 and V1250. If the difference in volume between V500 and V1250 is less than 
2 ml than the V1250 is considered as the tapped volume (Vf), if not, another 1250 taps were 
performed until the difference between succeeding measurements is less than or equal to 2 ml 
(Fig.3.2). The tapped density is calculated using the following equation: 
 
                                                              𝜌𝑡 =  
𝑚
𝑉𝑓
                                                                (3.3) 
 
 
 
Fig. 3.2 A tapped density tester (Coplay, JV2000, UK). 
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3.2.2 Particle shape  
Shape characterization was performed on pharmaceutical powders using three different 
techniques: SEM (Fig. 3.3), Camsizer XT (Fig. 3.4) and QicPic (Fig. 3.5) and the results 
compared.  
Image analysis using SEM microscope (TM-1000, Hitachi, Japan) was carry out for each 
material at five different magnifications (X100, X400, X800, X1000 and X2500). The wide 
range of magnification allowed a more comprehensive shape characterization in which both 
single particle shape and overall particle shape can be observed.  
 
 
Fig. 3.3 SEM TM-1000 microscope (TM-1000, Hitachi, Japan). 
 
Further shape analysis were performed using both Camsizer XT and QicPic. The analysis 
consists of elaborate the raw data obtained during the size distribution measurement (see 
Section 3.2.3 for more details) in terms of the shape factors SS, SA and SC described in Section 
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2.1.2.  This can be easily obtained using the programs described above: CamsizerXt64 and 
Windox for the Camsizer XT and QicPic, respectively.  
 
3.2.3 Particle size  
Particle size analysis was performed for both raw powders and granules using three different 
systems: 1) Sieving (Retch Technology, Haan, Germany), 2) Camsizer XT (Retch 
Technology, Haan, Germany) and 3) QicPic (Sympatec Inc., Clausthal-Zellerfeld, Germany). 
 
For sieving analysis, powders and granules are measured using Shaker AS 200 model which 
consists of a vibrating base and a sieve stack with different sieve sizes (0, 90, 125, 300, 500, 
1000, 1400, 2360 and 4000 μm). The sieving parameters set for all the experiments are: the 
amplitude 1 mm and the duration 5 minutes. After the sieving process is terminated, every sieve 
is weighted with the material inside and weighted again once the sample is removed. The mass 
of the granules in that specific sieve is calculated as the weight difference between the full and 
the empty sieves. The samples are then stored for further analysis. The mass fraction Xi for a 
specific size range d2-d1, is calculated as  
 
                                                                 𝑋𝑖 =
𝐺21
𝐺𝑡𝑜𝑡
                                                             (3.4) 
               
where G21 is the mass of sample (g) in the size range d2~d1 and Gtot is the total mass (g) used 
for each experiment.  
 
For the measurement using Camsizer XT and QicPic, around 2 g of material is fed into the 
funnel positioned at 3 mm in distance from the vibrating feeder. In the experiments using 
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Camsizer XT, a X-Jet module with adjustable pressure was used from which a velocity 
adaption file was created before the analysis of each sample to generate more precise data. For 
QicPic analysis, a constant pressure of 0.2 bar was used.  
 
Fig. 3.4 Particle size analyser Camsizer XT (Retch Technology, Haan, Germany). 
 
Fig. 3.5 Particle size analyser QicPic (Sympatec Inc., Clausthal-Zellerfeld, Germany). 
The experiments were run for 2-3 minutes and the data were collected. The three main attributes 
to describe the particle size distribution of a material, known as d10, d50, d90 were determined. 
d10 is the size for which 10% of particles are smaller, d50 also called median, is the size below 
which 50% of the particles are smaller and d90 is the diameter for which 90% of the particles 
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are smaller. Additionally, the span, Ϯ, (Eq. 3.5) which describes the breadth of a distribution 
was calculated.   
                 Ϯ =  
𝑑90−𝑑10
𝑑50
                                              (3.5) 
 
All the four parameters (d10, d50, d90 and span) were calculated based on 4 different particle 
diameters for the Camsizer XT: 
 lmin and lmax defined previously in Section 2.1.2.  
 lA defined as the diameter of the area equivalent circle with a volume of a sphere with 
the diameter of 𝑋𝑎𝑟𝑒𝑎 = √
4𝐴
𝜋
; 
 lM defined as the shortest diameter that divides the area of the particle projection into 
two halves; 
While for QicPic analysis only two diameters (lA and lmax) were considered.  
 
3.2.4 Flowability  
The flowability (see Section 2.1.4 for more details) of powder and granules was analysed using 
four different techniques: 1) Carr’s Index and Hausner Ratio, 2) a Schulze ring shear cell (RST-
XS, Dietmar Schulze, Germany), 3) a Freeman Technology powder rheometer (FT4, Freeman 
Technology, UK) and 4) a flodex (Flodex™, Gradco, UK).           
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3.2.4.1 Carr’s Index and Hausner Ratio         
                           
From the bulk and tapped density previously measured, it was possible to calculate two 
parameters that indicate the flow proprieties of these powders: Carr’s Index (ψ) and Hausner 
Ratio (H). These two parameters are calculated as follows: 
 
𝜓 =  
(𝜌𝑡−𝜌𝑏)
𝜌𝑡
𝑥100                      (3.6) 
 
                                                              𝐻 =  
𝜌𝑡
𝜌𝑏
                                                      (3.7) 
 
where ρt and ρb are the tap and the bulk density respectively.  
 
Based on these two parameters it is possible to assess the powder flow behaviour (Carr, 1965) 
as described in Section 2.1.1 (Table 2.1).  
 
 
3.2.4.2 Schulze tester 
 
Flowability experiments were also performed using a Schulze shear tester (RST-XS, Dietmar 
Schulze, Germany) showed in Fig. 3.6. A standard cell of 30 ml in volume was used (Fig. 3.6b). 
An initial normal stress of 6 KPa was applied. The yield loci were obtained at 3 different normal 
stresses (1.5, 3.15 and 4.8 KPa). The parameters obtained were: the flow function (FFc), the 
bulk density (ρbulk), the effective angle of internal friction (ψE), the angle of internal friction 
(β) and the angle of internal friction at Steady State Flow (ψSF). The cohesion of each sample 
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was calculated by extrapolating the yield loci to zero normal stress.  The experiment was 
repeated twice and the average value with standard deviation was calculated. 
                                                 
 
                                 (a)                                                                        (b) 
Fig. 3.6 a) Schulze shear tester (RST-XS, Dietmar Schulze, Germany) and b) Cell of 30 ml. 
 
3.2.4.3 Flowdex 
 
This method tests the ability of powder to flow freely through a hole in a funnel. The diameter 
of the smallest hole through which the sample will pass three times is considered as flowability 
index. For these experiments a flowdex tester (Flodex™, Gradco, UK) was used. Around 50g 
of sample are poured in the funnel (Fig. 3.7). When the feeding is completed, the lever device 
is triggered to open the orifice in the disk quickly and the sample flows down in a continuous 
flow.  
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Fig. 3.7 The Flodex tester (Flodex™, Gradco, UK). 
 
3.2.5 Compactibility of powders and granules 
Compatibility experiments were performed on powders and granules of pharmaceutical 
powders and the results obtained will be presented in Chapters 4, 5 and 7.  
 
3.2.5.1 Compactibility of powders 
 
A compaction simulator (ESH Compaction Simulator, UK) with a 10 mm diameter die was 
used (Fig. 3.8). Using the compaction simulator punch forces up to 50kN at punch speeds in 
excess of 300 mm s-1 can be achieved. In each experiment around 200 mg of sample was 
manually fed into the die and compacted with 5 to 7 different minimal separations, leading to 
different maximum loads. This produces tablets of different porosities (Fig. 3.9).  
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For pharmaceutical powders, no lubricant was used except for the compaction of Mannitol in 
which external lubrication was effectuated using MgSt suspension in acetone.  
 
Fig. 3.8 The ESH Compaction Simulator system. 
 
 
 
Fig. 3.9 Tablets produced with different porosities using the compaction simulator. 
 
A V shaped compression profile was used to specify the punch velocity (Fig. 3.10). The force-
displacement data are collected together with the mass and dimensions of the tablet after 
ejection, from which the relative density (and the porosity) of the tablet can be determined. The 
tablets are then used for diametrical test. 
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In diametrical compression experiments, a force FD is applied using a tablet hardness tester 
(8M, Dr. Schleuniger Pharmatron, USA) to compress the tablet until it fails. From this 
experiment, the diametrical stress σD is given by  
 
                                                                                   𝜎𝐷 =  
2𝐹𝐷
𝜋𝐷ℎ
                                                           (3.8) 
 
where FD is the crushing force, D is the tablet diameter and h the tablet thickness. 
 
 
Fig. 3.10 Example of V shaped punch velocity profile (Cunningham et al., 2004). 
 
3.2.5.2 Compactibility of granules 
 
An Instron universal testing machine with a 30 kN load cell (Fig. 3.11) was used for cylindrical 
flat tablets in a die of 11.28 mm of diameter. For each experiment, a constant mass of 300 ± 5 
mg was compacted at different maximum pressures. The compaction was performed at room 
temperature (23°C) at a speed of 5 mm/min. The diametrical stress σD was calculated using Eq. 
(3.8). 
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Fig. 3.11 Instron universal testing machine. 
 
3.2.6 DPC characterisation 
 
The calibration method for DPC analysis is composed by two set of experiments: diametrical 
and uniaxial unconfined compression. Diametrical compression (Fig. 3.12) and uniaxial 
unconfined compression (Fig. 3.13) experiments were performed using a material testing 
machine (Instron 1175, Buckinghamshire, UK) with a sensor capacity up to ±250 kN. An 
evacuable pellet die (Specac, Kent, UK) of a 13 mm diameter was used. Specimen for uniaxial 
unconfined tests for pure powders were produced using an evacuable pellet die (Specac, Kent, 
UK) of 5 mm diameter to obtain the appropriate aspect ratio. Whereas, for the three mixtures, 
uniaxial unconfined compression was performed using a cylindrical flat surface die of 11.3 mm 
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in diameter. In all cases, the powder was manually fed into the die and compressed to a specific 
compression force with a loading time of 60 s and an unloading time of 30 s to achieve an 
aspect ratio between the thickness and the radius of the tablet of 4 to 1.   
 
  
            Fig. 3.12 Diametrical compression.    Fig. 3.13 Uniaxial unconfined compression. 
 
Diameter and thickness of tablets were measured using a calliper (Absolute digital, Hampshire, 
UK). From these measurements, the volume (V) was calculated, from which the tablet apparent 
density (ρA) can be determined as 
 
 
V
m
  A                                                               (3.9) 
 
where m is the tablet mass. 
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Tablet relative density (ρR) is defined as the ratio between ρA and the true density of the raw 
material (ρT): 
 
T
A
R


                                                             (3.10) 
Tablet porosity was then determined as  
 𝜀 = 1 − 𝜌𝑅                                                         (3.11) 
The tablet porosity range investigated is between 5-60%. Each experiment is repeated at least 
three times and the standard deviation is calculated. From diametrical and uniaxial 
experiments, the stresses σD and σc are then calculated using Eqs 3.8 and 3.12, respectively.  
                                                                                   𝜎𝑐 =  
4𝐹𝐶
𝜋𝐷2
                                                      (3.12) 
where Fc is the compression force applied on a cylindrical specimen along its height. 
 
Uniaxial confined experiments were performed using a compaction simulator (ESH 
Compaction Simulator, UK) with a 10 mm diameter die, on which three radial sensors (Fig. 
3.14a) were installed, allowing the measurement of the radial pressure during compaction. 
Using the compaction simulator, punch forces up to 50 kN at a punch speed of 28 mm/s was 
achieved. Before the experiments were performed a LVDT calibration has been performed to 
accurately measure the position of the punches. In each experiment seven samples having 
different mass were manually fed into the die and compacted at a specified minimal punch 
separation, resulting in different maximum pressures, so that tablets of different porosities were 
produced. No lubricant was used in these experiments. The force-displacement data are 
collected together with the radial stresses during loading and unloading, from which DPC 
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parameters (R, α, pb and pa) together with the die-wall friction μ can be mathematically 
determined using the DPC model. 
 
The DPC model can be regarded as an extension of the Mohr-Coulomb model and it consists 
of (Fig. 3.14b): 
 Shear failure segments, Fs, provides the criterion for achieving shear flow and depends 
on the cohesion and the internal friction angle. 
 Cap segment, Fc, represents an ellipse with a constant eccentricity. 
 Transition segment, Ft, describes compaction and hardening of a material. It was added 
as a modified DPC model for providing a smooth surface bridging the shear failure and 
the cap segment.  This segment was created to facilitate the numerical application of 
FEM. 
 
(a) 
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(b) 
Fig. 3. 14 a) Radial sensors setup and b) The Drucker-Prager cap model (Wu et al. 2005). 
As shown in Fig. 3.14 the three segments are plotted in the p-q plane represented with the two 
stress invariants: hydrostatic pressure stress, p, and Mises equivalent stress, q.  
 
The failure surface Fs is a straight line obtained using the Eq. 3.13: 
 
                                                   𝐹𝑠(𝑝, 𝑞) = 𝑞 − 𝑝𝑡𝑎𝑛𝛽 − 𝑑 = 0                                             (3.13) 
 
where d is the cohesion and β in the angle of internal friction. 
 
The cap surface Fc is defined from Eq. 3.14: 
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                 𝐹𝑐(𝑝, 𝑞) =  √ (𝑝 − 𝑝𝑎  )2 +  (
𝑅𝑞
1+𝛼−𝛼/𝑐𝑜𝑠𝛽
)
2
− 𝑅(𝑑 +  𝑝𝑎𝑡𝑎𝑛𝛽) = 0                 (3.14) 
 
where R is the parameter that controls the shape of the cap, α defines the smooth transition 
surface between Fs and Fc, and pa is a pressure evolution parameter which characterizes the 
hardening/softening of the material which is defined as, 
 
  𝑝𝑎 =  
[3𝑞𝐵+4𝑑𝑡𝑎𝑛𝛽(1+𝛼−
𝛼
𝑐𝑜𝑠𝛽
)
2
]
4[(1+𝛼−
𝛼
𝑐𝑜𝑠𝛽
)
2
]
+ 
√9𝑞𝐵
2 +24𝑑𝑞𝐵 (1+𝛼−
𝛼
𝑐𝑜𝑠𝛽
)
2
𝑡𝑎𝑛𝛽+8(3𝑝𝐵𝑞𝐵+2𝑞𝐵
2 )[(1+𝛼−
𝛼
𝑐𝑜𝑠𝛽
)𝑡𝑎𝑛𝛽]
2
4[(1+𝛼−
𝛼
𝑐𝑜𝑠𝛽
)
2
]
    (3.15) 
 
where pb defines the position of the cap and is named hydrostatic pressure yield surface.  
Ft is governed by the parameter α, which is usually of value between 0.01 and 0.05, and is 
given as 
 
                𝐹𝑡(𝑝, 𝑞) =  √(𝑝 − 𝑝𝑎)2 + [𝑞 − (1 −
𝛼
𝑐𝑜𝑠𝛽
) (𝑑 + 𝑝𝑎 𝑡𝑎𝑛𝛽)]
2
− 𝛼(𝑑 + 𝑝𝑎𝑡𝑎𝑛𝛽) = 0  (3.16) 
 
It is clear from Eqs (3.13) – (3.16) that a total of five parameters (d, β, R, pa and α) need to be 
determined to define the DPC model for representing the plastic behaviour of the material.  
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In addition, to model powder compaction, the friction coefficient μ between the powder and 
tooling surfaces also needs to be determined. μ can be determined from uniaxial compression 
test using a die instrumented with a sensor to measure the radial stress, as well as the pressure 
applied by the upper and lower punches. From these measurements, μ can be determined by 
(Cunningham 2004): 
 
B
T
H
Z
B
T
z
r
BD






 ln
4H
 





                      (3.17) 
 
where D and H are the diameter and the height of the compressed powder bed, σB is the lower 
punch stress, σrz is the radial stress, σT is the upper punch stress and z is the distance of the 
sensor from the top punch. To describe elastic deformation, the elasticity constants, Young’s 
modulus E and Poisson’s ratio ʋ, are also needed.  
 
All the required parameters can be determined as follows: 1) Diametrical experiments (see 
Section 3.2.5); 2) unconfined compression experiments and 3) Uniaxial compression with 
radial sensors. Unconfined uniaxial compression experiment (Fig. 3.13) is a crushing test in 
which compression force (Fc) is applied on a cylindrical tablet along its height until a break-
line is formed along the tablet body. From this, the unconfined uniaxial stress σc is given by 
Eq. (3.12). Once the two stresses σD and σc are calculated, the cohesion (d) and the angle of 
internal friction β can be determined using                         
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                                                                              𝑑 =  
(√13−2)𝜎𝐷𝜎𝑐
𝜎𝑐−2𝜎𝐷
                                                    (3.18) 
                                                                 𝛽 = 𝑡𝑎𝑛−1 [
3(𝜎𝑐+𝑑)
𝜎𝑐
]    (3.19) 
For Uniaxial compression with radial sensors, it involves the uniaxial compression of the 
material into an instrumented die (Aydin et al. 1996) during which the powder is compressed 
to a specific maximum compression pressure and then unloaded. The typical graphs obtained 
from this experiments together with the experimental setup is shown in Fig. 3.15a 
 
             (a) 
 
                                               (b) (c) 
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Fig. 3.15 a) Uniaxial compression setup, b) Axial stress as function of axial strain and c) 
Axial stress as function of radial stress during uniaxial compression experiment (Krok et al., 
2014). 
 
Fig. 3.15b shows an increase of axial stress with the increase of axial strain (Krok et al., 2014). 
During unloading there is an initial linear decrease of the stress (segment BC) which describes 
the elastic behaviour of the material. Fig. 3.15c describes the relationship between axial stress 
and radial stress during the compaction process. From these experiments the DPC parameters 
such as Poisson ratio and Young’s modulus can be calculated using the calculations used by 
Wu et al., 2005). 
 
3.3 Roll compaction 
All roll compaction experiments were performed using a custom-built gravity-fed roll 
compactor that was also used by Bindhumadhavan et al. (2005), Miguélez-Morán et al. (2008), 
Wu et al. (2010) and Yu et al. (2013), as shown in Fig. 3.16.  The roll compactor was composed 
of two smooth stainless steel rolls of 46 mm in width and 200 mm in diameter. The gap between 
the rolls was kept constant at 1.2 mm and the roll speeds were set at 1 rpm and 3 rpm in order 
to explore the effect of roll speed on ribbon properties. 
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(a) 
 
(b) 
Fig. 3.16 a) A laboratory scale roll compactor and b) Roll compactor layout 
(Bindhumadhavan et al. 2005). 
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3.3.1 Ribbon porosity 
 
Porosity (Ɛ) is generally defined as the fraction of the voids in a material and is determined 
using Eq. (3.20).  
 
    Ɛ = 1 − (
𝑝𝑒
𝑝𝑡
)             (3.20) 
 
where ρe is the envelope density of the ribbon and ρt is the true density of the powder. The 
envelope density was measured with an envelope density analyzer (GeoPyc 1360, 
Micromeritics Instrument Corporation, USA) using fine sand, DryFlo, as the medium (Fig. 
3.17). Ribbons were cut into square pieces of 10 mm x 10 mm before the measurements. Each 
measurement was repeated three times in order to check the reproducibility.  
 
 
Fig. 3.17 The GeoPyc envelope density analyser (GeoPyc 1360, Micromeritics Instrument 
Corporation, USA). 
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3.3.2 Ribbon friability 
 
The friability (ξ) is defined as the fraction of fines produced during the friability test and is 
calculated as  
𝜉 = (
𝑊𝑏− 𝑊𝑎
𝑊𝑏
) × 100              (3.21) 
 
where Wb is the initial sample mass and Wa is the mass of large pieces after the friability test.   
 
Ribbons friability was determined using a friability tester (F1, Sotax, Switzerland), as shown 
in Fig. 3.18a. Ribbons of ca. 30 g were cut into square pieces of 30 mm x 30 mm (Fig. 3.18b) 
and were abraded in the friability tester with a rotation speed of 50 rpm for 500 revolutions.  
 
   
(a)               (b) 
Fig. 3.18 Ribbon friability testing: a) experimental setup and b) typical square ribbons used. 
 
The loss in sample mass was determined by weighing the sample, carefully de-dusted, before 
and after each experiment, and the friability was then calculated using Eq. (3.21). Each 
experiment was repeated three times and the mean value and the standard deviation were 
determined.   
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3.4 Milling  
Granulation experiments were performed for two different purposes:  
1) MCC PH 101, MCC PH 102 and MCC DG ribbons were milled with a Frewitt granulator 
(SepSol Process Solutions, USA) equipped with a mesh size of 2 mm, at an oscillating speed 
of 149 rpm and a drum/mesh separation of 5 mm (Fig. 3.19). The milling condition was fixed 
for all the experiments reported here. The granule size distribution was analysed using a QicPic 
size analyser with a RODOS dry dispersing unit (Sympatec, Germany). Each experiment was 
again repeated three times. These results were used in the study of prediction of milling 
behaviour described in Chapter 6.  
 
Fig. 3.19 Frewitt granulator system (SepSol Process Solutions, USA). 
 
2) Granules were produced for the study of the effect of granule size on flowability and die 
compaction behaviour for pharmaceutical powders and mixtures discussed in Chapter 7. For 
this objective, compacted ribbons obtained using MCC PH 101, MCC PH 102 MCC DG, 
mannitol and the three mixtures described in Table 3.1 were used to produce ribbons which 
were then milled using a cutting mill (SM 100, Retsch, Germany) equipped with a mesh size 
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of 4 mm and a speed of 1,500 rpm (Fig. 3.20). The granules were then sieved using the method 
described in Section 3.2.3. These experiments were not performed on pure lactose because it 
was not possible to produce granules from pure lactose powder. This was due to the high 
friability of the lactose ribbons produced.  
 
 
Fig. 3.20 A Cutting mill system (SM 100, Retsch, Germany). 
 
3.5 Die filling 
 
 Die filling experiments were performed with the produced granules using a model transparent 
shoe system shown in Fig. 3.21, which consists of a shoe moved by a pneumatic driving unit, 
a positioning controller unit and a displacement transducer. Shoe speeds in the range of 10 to 
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400 mm/s were employed. A transparent die was employed for all the experiments. In each 
test, the mass deposited in the die was weighted and the fill ratio was calculated by 
  𝛿 =  
𝑚𝑥
𝑚𝑇
                     (3.22) 
where mx is the mass deposited into the die at a certain shoe speed and mT is the mass when 
the die is completely full.  
 
From the definition of fill ratio adopted by Wu and Cock (2004) the critical fill speed Vc and 
the coefficient, n, were calculated using Eq. (2.16) (see Section 2.3 for more details).  
 
 
Fig. 3.21 Photograph of the custom-made die filling system. 
 
 
 
 99 
 
CHAPTER 4 POWDER CHARACTERISTICS 
In this Chapter the results obtained from powder characterization described in Chapter 3 are 
presented. More specifically, in Section 4.1 densities will be given, followed by particle size 
analysis for pharmaceutical powders in Section 4.2. Particle shape and flowability will be 
presented in Section 4.3 and 4.4 respectively. Finally, mechanical properties in terms of 
compactibility and compressibility will be described in Section 4.5 and 4.6, respectively.  
 
4.1 Density 
 
True, bulk and tap densities for all the pharmaceutical powders are reported in Tables 4.1. The 
results were obtained using the methodologies described in Section 3.2.1. 
Table 4.1 Density results of pharmaceutical powders. 
Materials 
True density 
(kg/m3) 
Bulk density 
(kg/m3) 
Tap density 
(kg/m3) 
MCC PH 101 1,581.00±1.1 331.00±16 436.00±1.0 
MCC PH 102 1,570.30±1.4 335.00±7 456.00±8.5 
MCC DG 1,785.60±1.6 399.00±10 525.00±2.0 
Mannitol  1,468.70±1.6 516.00±18 572.00±1.7 
Lactose  1,539.1±0.3 638.00±5 754.00±7 
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It can be seen from the above table that true densities are higher than bulk and tap densities, 
while bulk densities are lower than tap densities for all the materials under investigation. This 
is explained by Webb (2001) who attributed the higher tap density to the vibration during tap 
density experiments, which reduces the volume of the powder and therefore increases density 
values (see Eqs 3.2 and 3.3).  
 
True density results showed a very good agreement with literature data in which the range of 
true densities for MCCs powders is between 1.512-1.668 Kg/m3 (Rowe et al, 2012). However, 
as observed by Sun (2005a), true density may be overestimated when using the He pycnometer 
for pharmaceutical excipients such as MCC due to the moisture content which can affect the 
calculation of the solid true volume using the ideal gas law (see Seville and Wu 2016 for more 
details). He affirms that the true density of MCC should be lower than the range 1.582-1.599 
Kg/m3 which is the true density of the crystalline natural cellulose. This is consistent with the 
results proposed in Table 4.1, which further prove the validity of the methodology used and of 
the results obtained. Exception is made for MCC DG which has the highest true density among 
the excipients considered. This is believable to be due to the presence of the calcium phosphate 
component that possesses a true density of 2,890 kg/m3 (Rowe et al, 2012) which consequently 
increases MCC DG true density compared to pure MCC powders, such as MCC PH 101 or 
MCC PH 102. Mannitol has the lower true density which is also confirmed by Li et al. (2013) 
in which the true density for Mannitol Pearlitol 200SD was found to be 1.462 Kg/m3. Similarly, 
lactose presents a very good agreement with the true density of 1.545 Kg/m3 found by Rowe 
(2012).  
 
Bulk and tap densities results are also consistent with the literature data observed from Rowe 
at al. (2012) and Li et al. (2013) in which bulk densities were in the range of 320-400 kg/m3 
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for MCCs powders, while mannitol and lactose present values of 497 kg/m3 and 660 kg/m3 
respectively. Tap densities values for MCC powders are in the range 450-480 kg/m3 which are 
consistent with the data in Table 4.1. A tap density of 512 kg/m3 was observed for MCC DG 
(FMC BioPolymer, 2014).  
 
4.2 Particle shape 
 
                         a) MCC PH 102                                                     b) MCC PH 101 
                        c) MCC DG            d) Mannitol   
Fig. 4.1 SEM images of some of the pharmaceutical excipients considered. 
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SEM images of four pharmaceutical excipients, shown in Fig. 4.1, reveal that MCC PH 102 
has a prism morphology, consistent with the results obtained from Hughes et al. (2015). MCC 
PH 101 has a more acicular shape while MCC DG is characterized by both acicular and 
discoidal shapes due to its mixed nature, in which the ACP component has discoidal shape as 
shown in FMC BioPolymer (2014). Mannitol has the most rounded shape. The difference 
between rounded and acicular shapes can be observed, for example, from the low magnification 
images obtained for Mannitol and MCCPH 101 (Fig. 4.2).  
  
(a)               (b) 
Fig. 4.2 SEM images at low magnification (X100) for Mannitol (a) and MCC PH 101 (b). 
 
4.2.1 Particle shape characteristics obtained using Qicpic 
 
Shape results are presented for all the pharmaceutical samples with the cumulative distribution 
(Q3) as a function of sphericity, SS, (Fig. 4.3), aspect ratio (Fig. 4.4) and convexity (Fig. 4.5). 
From Fig. 4.3, it is possible to observe that Mannitol particles have the highest sphericity (i.e. 
the curve denoting the highest Ss values).  Furthermore, the graph also shows that MCC PH 
102 particles are the most spherical among the three MCC powders, presenting higher Ss values 
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at a given Q3 value, while MCC PH 101 and MCC DG have almost identical sphericity curves, 
both with lower Ss values.  
 
From Eq. (2.4) (see 2.1.2), it can be deduced that an aspect ratio equal to 1 leads to spherical 
particles because the ratio between the minimum and the maximum length measured are the 
same and correspond to a sphere. As a consequence, higher SA values characterize particles 
having a more spherical shape. As shown in Fig. 4.4, in which the aspect ratio as a function of 
the cumulative size distribution was plotted, mannitol results in the material having higher SA 
values at a given Q3 value. This result implies higher sphericity, which is consistent with the 
results observed in Fig. 4.3. Similarly, MCC PH 102 has higher SA values than MCC PH 101 
and MCC DG.  
 
Likewise, Eq. (2.5) implies that spherical particles will have higher Sc values. For this reason, 
similar observations to those presented above can be found in Fig.4.5, in which mannitol with 
a higher value of Sc leads to a more spherical morphology, while MCC PH 101 and MCC DG 
are less round in shape.  
 
To conclude, all the graphs show the same trend: mannitol possesses the most spherical shaped 
particles among all the pharmaceutical powders, while MCC PH 102 is the more spherical of 
the MCCs powders, and MCC PH 101 and MCC DG present an almost identical 
acicular/elongated shape. This is consistent with the size distribution results found in Fig. 4.12 
in which the sphericity of mannitol annihilates the difference between the diameters lmin and 
lmax calculated (Table 4.2). As shown in the definition of the aspect ratio previously reported, a 
higher difference in values between lmin and lmax led to a small SA value which characterizes 
non-spherical particles. Furthermore, the results are also consistent with the SEM images where 
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mannitol is the most spherical overall, while MCC PH 101 and MCC DG particles are 
elongated as shown in the SEM images.  
 
Fig.4.3 Cumulative size distribution (Q3) as a function of sphericity (SS) for the four 
pharmaceutical powders. 
 
Fig. 4.4 Cumulative size distribution (Q3) as a function of aspect ratio (SA) for the four 
pharmaceutical powders. 
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Fig. 4.5 Cumulative size distribution (Q3) as a function of convexity (SC) for the four 
pharmaceutical powders. 
 
4.2.2 Particle shape characteristics obtained using Camsizer XT 
 
The shape profile of the raw materials was also analyzed using the CAMSIZER XT. The 
cumulative function (Q3) against sphericity is shown in Fig. 4.6 for pharmaceutical powders. 
A different nomenclature was used to indicate sphericity (SPHT) as this was the only term 
available in the Camsizer Xt64 program.  
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 Fig. 4.6 The cumulative size distribution (Q3) as a function of sphericity for pharmaceutical 
powders. 
As demonstrated in Fig. 4.6 mannitol has the highest sphericity among all pharmaceutical 
powders. Furthermore, MCC PH 102 has consistent shape results with those found from the 
QicPic analysis and literature (Hughes et al., 2015); more specifically it has the highest 
spherical morphology among all the MCCs powders; however, it is not as high as that of 
mannitol. Conversely, MCC DG and MCC PH 101 present a very different shape when 
Camsizer XT is used. This difference has not been found for Qicpic results shown in Fig. 4.3. 
Indeed, MCC PH 101 is much more elongated and less spherical than MCC DG, which is 
consistent with the SEM images (see Fig. 4.1). The shape results obtained in this section are 
also consistent with that of Gamle et al. (2015), who found that needle-like particles result in 
looser packing arrangement leading to lower bulk density; indeed MCC PH 101 as observed in 
Fig. 4.6 is the more needle-shaped material and has the lower bulk density (Table 4.1). 
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4.3 Particle size 
 
Particle size analyses were performed on pure powders and mixtures using the methodologies 
described in Section 3.2.3. The results are presented in terms of: 
 1) Cumulative distribution, Q3 (%) as a function of size. For a given particle size, d, 
the cumulative value represents the percentage of the particles finer than the size d. 
 2) Density distribution, q3, as a function of material size. For a given particle size, d, 
the frequency distribution is calculated as the first derivative of Q3 (%) vs. d.  
 3) Size parameters: d10, d50, d90 and span.   
 
4.3.1 Camsizer XT results 
 
Particle size distributions were obtained for pharmaceutical powders. As previously mentioned 
in Section 3.2.3, using the Camsizer XT it was possible to obtain the size distributions based 
on 4 different particle diameters for a single material. The size and cumulative distributions as 
a function of size for the pharmaceutical powders are shown in Figs 4.7 and 4.8, respectively.  
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Fig. 4.7 Size distributions as a function of particle size for all the pharmaceutical powders 
based on 4 different particle diameters. 
 
Fig. 4.8 Cumulative distributions as a function of particle size for pharmaceutical powders 
based on 4 different particle diameters. 
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From Fig. 4.7 it can be seen that all powders have a single maximum q value, which represent 
monomodal distributions. The exception here is for MCC PH 102 which has a bimodal 
distribution because it has two maximum q values at different particle sizes. MCC PH 101 and 
MCC DG have the maximum q value at smaller particle sizes than mannitol. As a consequence, 
mannitol has large particle size than these two materials. MCC PH 102 has a maximum absolute 
q value at similar particle sizes to the other two MCCs powder; however, it also has a second 
maximum value at higher particle size, which shift the overall particle size at higher values 
than the other MCC powders. The cumulative distributions are presented in Fig. 4.8. It can be 
observed that the mean size (i.e. d50) for mannitol shifts at higher particle size than the MCCs 
powders. MCC DG and MCC PH 101 present almost an identical size distribution for all the 4 
diameters considered.  
 
An additional study has been done to investigate the influence of the different diameters used 
for size analysis on the size distributions. This allowed the results obtained from the 4 different 
parameters, for the same powder, to be compared in Fig. 4.9 for MCC PH 101 and mannitol. 
 
(a)               (b) 
Fig.4.9 Comparison of size distributions as a function of particle size for two pharmaceutical 
powders using 4 different particle diameters: (a) MCC PH 101 and (b) Mannitol. 
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As shown in Fig. 4.9 the use of different diameters can greatly modify the particle size 
distribution results for the same powder. The distributions obtained for lmax and lM are very 
similar and present an almost consistent maximum q value. However, the results obtained using 
the lA and lmax showed an enlargement of the density distribution and a shift of the maximum q 
value at larger particle size. This leads to larger span values using lA and lmax as diameters. 
These results are confirmed by the size parameter calculations presented in Table 4.2, which 
shows that MCC DG has the smallest d10, d50 and d90, and mannitol the highest. The size 
parameters for MCC PH 101 are very similar to those obtained for MCC DG, as was also 
observed for the particle size and cumulative distributions on Fig. 4.8. MCC PH 102 has higher 
size parameter values than the other two MCCs powders, but lower values than those for 
mannitol.  MCC DG possesses a higher span than the other materials, implying a wider size 
distribution, as defined in Eq. 3.5 (see 3.2.3). Additionally, the d50 for all the materials shifts 
at lower particle size when using lmin and lM. This is due to the definition of these two 
parameters in which in both cases the shortest chord (in case of lmin) and the shortest diameter 
(in the case of lM) are considered (see Section 3.2.3 for definitions).   
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Table 4.2 Size parameters results obtained from Camsizer XT analysis based on 4 different 
diameters. 
Powder Size parameter lmin lM lA lmax 
MCC PH 
102 
d10 (µm) 33.63±0.45 31.83±0.59 42.00±0.44 53.07±0.35 
d50 (µm) 94.67±3.30 90.20±3.46 109.77±1.63 133.57±2.37 
d90 (µm) 185.33±0.04 174.57±1.88 213.80±7.04 258.93±2.97 
Span 1.60±0.04 1.58±0.05 1.56±0.06 1.54±0.01 
MCC PH 
101 
d10 (µm) 29.73±0.50 26.33±0.55 39.93±0.71 46.17±1.42 
d50 (µm) 59.83±1.21 53.03±0.55 80.73±1.95 106.70±2.51 
d90 (µm) 105.50±0.56 91.87±3.10 138.00±0.58 194.33±2.61 
Span 1.27±0.03 1.24±0.06 1.21±0.04 1.39±0.02 
MCC DG 
d10 (µm) 24.60±0.47 22.60±0.43 30.90±0.35 34.47±0.40 
d50 (µm) 52.30±1.27 49.07±1.69 68.57±0.32 90.93±0.51 
d90 (µm) 126.73±5.06 118.70±4.78 146.50±2.78 194.97±3.63 
Span 1.95±0.05 1.96±0.03 1.69±0.04 1.76±0.03 
Mannitol 
d10 (µm) 88.13±1.21 85.23±0.15 100.43±1.47 104.67±1.20 
d50 (µm) 134.73±1.27 129.07±0.63 154.37±0.76 175.80±0.44 
d90 (µm) 193.47±0.40 182.77±0.21 219.77±1.02 267.60±1.73 
Span 0.78±0.01 0.76±0.01 0.77±0.01 0.93±0.01 
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Comparison with literature data showed that the results for MCC PH 102 and MCC PH 101, 
obtained using the projected area diameter (i.e. lA), are consistent with the values found by 
Hughes et al., (2015). However, a differentiation is observed if the results are compared with 
British Pharmacopoeia Commission (2016). Specifically, the size parameter results for each of 
the powders that are most consistent with the literature are as follows: MCC PH 102 size results 
using the lA diameter; MCC PH 101 and MCC DG size results using the lM and lMin diameters; 
and mannitol size results using the lmax diameter. This demonstrates the difficulties in using a 
single diameter to identify the real size distribution of a powder.  
 
4.3.2 QicPic results 
 
Similarly to the previous Section, results obtained from QicPic analyses using two different 
size diameters, lA and lmax (see Section 3.2.3 for more details) are presented in Fig 4.10.  The 
size and cumulative distributions as a function of size for the pharmaceutical powders are 
shown in Figs 4.10 and 4.11, respectively.  
 
(a)               (b) 
Fig. 4.10 Comparison of size distributions as a function of particle size for all the 
pharmaceutical powders using 2 different particle diameters: (a) lA and (b) lmax. 
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In contrast to Camsizer XT results, all powders have a single maximum q value, including 
MCC PH 102 (Fig. 4.10). For results obtained using lA, MCC PH 101 and MCC DG have 
maximum q values at smaller sizes than MCC PH 102. Mannitol has the highest maximum q 
value in both cases. The results obtained using lmax show that MCC DG has a maximum q value 
at lower particle size than MCC PH 101; which has an almost identical maximum q value to 
MCC PPH 102. Same conclusions are observed in Fig. 4.11, which shows the cumulative 
distributions for the four powders.  
 
(a)       (b) 
Fig. 4.11 Cumulative distributions as a function of particle size for all the pharmaceutical 
powders based on 2 different particle diameters: (a)  lA and (b) lmax. 
 
(a)       (b) 
Fig. 4.12 Comparison of size distributions as a function of particle size using 2 
different particle diameters: (a) for MCC PH 101 and (b) for mannitol. 
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Table 4.3 Particle size distribution paramters obtained using QicPic. 
Powder Size parameter lA lmax 
MCC PH 102 
d10 (µm) 41.08±0.28 59.14±0.48 
d50 (µm) 106.97±0.59 137.06±0.87 
d90 (µm) 221.01±0.61 292.14±1.13 
Span 1.68±0.01 1.70±0.01 
MCC PH 101 
d10 (µm) 38.47 ± 0.14 62.13 ± 0.30 
d50 (µm) 75.07 ± 0.32 128.65 ± 0.85 
d90 (µm) 125.19 ± 0.97 231.89 ± 3.21 
Span 1.15 ± 0.01 1.32 ± 0.01 
MCC DG 
d10 (µm) 35.58 ± 0.14 59.65 ± 0.09 
d50 (µm) 75.74 ± 0.22 140.21 ± 0.87 
d90 (µm) 157.64 ± 0.97 268.92 ± 11.18 
Span 1.61 ± 0.02 1.49 ± 0.07 
Mannitol 
d10 (µm) 109.18±0.45 106.56±0.34 
d50 (µm) 171.24±0.33 177.61±0.44 
d90 (µm) 249.18±0.71 246.41±0.68 
Span 0.82±0.01 0.79±0.01 
 
From Table 4.3 a general trend was found for microcrystalline powders in which the values 
obtained using lA are at lower particles size than the results obtained using lMax. This may be 
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due to the definition of lMax, in which the maximum diameter that can describe the particle is 
considered, leading to higher d10, d50 and d90 values. More specifically, the results for lMax 
were almost twice as high as those obtained using lA. This demonstrates the importance of 
considering very carefully the choice of the diameter for size analysis. In contrast to the results 
obtained using the Camsizer XT, in which MCC DG has the wider span, for QicPic results, 
MCC PH 102 presents the higher span overall. Mannitol has the narrowest size distribution as 
observed above in Table 4.3. Furthermore, for mannitol powder, the difference in results 
between the two diameters (i.e. lA and lmax) is almost negligible compared to the other materials 
(Fig. 4.12). This behavior is probably due to the high sphericity of mannitol particles as 
observed in Section 4.2. In fact, a spherical particle will present no difference in the various 
diameters used and will lead to the same values.  
To conclude, a comparison between the d10, d50, d90 and span results obtained using the 
Camsizer XT and the QicPic revealed that higher values are generally obtained when the QicPic 
is used.  
 
4.3.3. Sieving results 
 
Sieving analysis was performed on pharmaceutical powders, the density and cumulative 
distributions are shown in Figs 4.13 and 4.14, respectively. The results seem not to be 
completely comparable with literature data. In particular, d50 for MCC PH 101 and MCC DG 
are usually around 50 μm in literature data (British Pharmacopoeia Commission, 2016). While 
from the measurements using sieves, d50 values are almost twice as high as those reported in 
the literature or measured using other instruments (see Table 4.4). This behaviour may be due 
to the problem which occurs in the sieving experiments: the short side of the elongated particles 
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can pass through the mesh and cause overestimation of particle size distribution. As observed 
in Section 4.2, MCC PH 101 and MCC DG are the least spherical particles, which explains the 
overestimation of the sieving results for these two powders due to a preferential orientation of 
the particle during sieving along its longer axis. Further confirmation is given by the results 
obtained using mannitol, which is more spherical, and has a d50 of around 180 μm as observed 
in literature (British Pharmacopoeia Commission, 2016) and in the results measured using other 
instruments (see Section 4.3.2).  
 
Fig. 4.13 Size distributions as a function of particle size for all the pharmaceutical powders 
based on sieving diameter. 
 
Fig. 4.14 Cumulative distributions as a function of particle size for all the pharmaceutical 
powders based on sieving diameter.  
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Table 4.4 Particle size distribution obtained from the sieving analysis. 
 MCC PH 102 MCC PH 101 MCC DG Mannitol 
d10 (µm) 22.18±5.93 20.93±2.93 22.50±4.09 100.63±6.22 
d50 (µm) 105.86±18.82 96.40±5.73 100.33±8.33 180.11±9.75 
d90 (µm) 190.83±3.64 156.02±6.10 160.00±10.44 231.17±11.59 
Span 1.63±0.28 1.40±0.06 1.37±0.05 0.725±0.03 
 
 
4.4 Flowability 
 
Flowability experiments were performed on pure powders using the methodologies described 
in Section 3.2.4. The results will be described in the following Sections. 
4.4.1 Carr’s index and Hausner ratio 
  
As described in Section 3.2.4.1, it was possible to calculate the Carr’s indexes and Hausner 
ratios for MCCs, mannitol and lactose powders. The results are presented in Table 4.5. 
According to the scale of flowability (Table 2.1) used by Carr (1965); MCC PH 101 and MCC 
DG have a passable flowability, while MCC PH 102 has poor flowability. In contrast, mannitol 
is characterized with excellent flowability. Lactose has a good flowability. The Hausner ratio 
(H) is defined as the ratio of tap to bulk densities, which leads to the observation that lower H 
are obtained for materials in which bulk and tap densities are of similar values, which is 
confirmed in Table 4.1 where mannitol powder has very similar values for bulk and tap 
 118 
 
densities. These results can be explained also as a function of particle shape. From Section 4.2 
it was found that MCC PH 101 and MCC DG have an irregular needle shape, which as 
explained by Gamle et al. (2015) leads to lower bulk densities and as a consequence (i.e. from 
the definition of Hausner Ratio), this leads to higher H values and so lower flowability. 
Similarly, mannitol has the less needle-shaped particle and so lower H values. However, MCC 
PH 102 has a lower flowability than MCC PH 101 and MCC DG, even if it has a more spherical 
shape. This may be due to the influence of other material properties other than shape. 
Additionally, if the standard deviations for the MCC powders are considered (Table 4.5), it can 
be concluded that only using Carr’s Index and Hausner ratio it is difficult to observe particular 
differences in flowability behavior for the three MCC powders. For this reason, further 
flowability studies have been performed on these three powders and the main results presented 
in the following section. 
Table 4.5 Carr’s Index and Hausner Ratio results for pharmaceutical excipients. 
Sample 
Carr's 
Index 
Hausner 
ratio 
MCC PH 101 24.17±2.56 1.32±0.04 
MCC PH 102 26.53±0.95 1.36±0.02 
MCC DG 24.02±0.53 1.32±0.01 
Mannitol 9.89±2.40 1.11±0.03 
Lactose 15.38±0.74 1.182±0.02 
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4.4.2 Schulze shear test 
 
Flowability studies were performed on MCC powders using the Schulze shear tester as 
explained in Section 3.2.4.2. The results are presented in Table 4.6 in terms of flow funtion 
(FF) and bulk density. MCC PH 101 has a lower flow function than MCC DG and MCC PH 
102. As described by Jenike (1964), higher FF values denotes materials with higher flowability. 
For this reason, from the results showed in Tab 4.6 it is possible to conclude that MCC PH 102 
has higher flowability than MCC DG and MCC PH 101, which values are consistent with the 
data published in the literature by Armstrong et al. (2011). Flowability properties can be 
correlated with materials size, as explained by Abdullah and Geldart (1998): smaller particle 
has higher cohesion forces and they tend to flow less than larger particles. From size results in 
Section 4.3, it can be observed that the mean diameter of MCC PH 102 (i.e. d50) is almost the 
double of the other two MCC powders. This justify the better flowability for MCC PH 102.  
 
From these experiments it was possible to calculate the bulk density of the three materials 
shown in Table 4.6. The results are consistent to the bulk densities calculated using the 
volumetric cylinder method (Section 4.1). However, they tend to be of slightly higher values, 
probably due to the different techniques used for analyses.  
 
Table 4.6 Flow properties obtained using the Schulze ring shear tester. 
Material FFc ρbulk (Kg/m3) 
MCC PH 102 6.60 ± 0.42 405.00± 11.87 
MCC PH 101 4.75 ± 0.07 376.00± 8.64 
MCC DG 5.80 ± 0.14 459.00± 15.27 
 120 
 
4.4.3 Flodex results 
 
Flodex experiments were performed using the methodology described in Section 3.2.4.4. The 
flow index (ѫ) as a function of mean diameter size (i.e. d50) for four different excipients are 
presented in Fig. 4.15. The sizes chosen for the pure powders are the d50 obtained from the 
size analysis performed in Section 4.3. 
 
Fig.4.15 Flow index (ѫ) as a function of size for five different powders. 
 
From Fig. 4.15 it can be observed that MCC powders have a very different flow index compare 
to mannitol but similar to lactose. More specifically, MCC powders have flow index in the 
range of 33-36 mm, lactose has a flow index of 28 mm, while mannitol has a flow index of 4. 
Among the MCC powders, MCC PH 102 powder has a higher flow index than MCC PH 101 
and MCC DG. Higher flow index means that a larger orifice size is needed for the material to 
flow. This leads to the conclusion that material with higher flow index present lower 
flowability. Based on this conclusion, mannitol is the powder with higher flowability; while 
lactose has a slightly better flowability than MCCs powders. Flodex experiments are 
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characterized by gravity flow of material from a hopper. This means that density properties 
such as true density is a fundamental parameter to consider. From density studies previously 
reported in Section 4.1. It can be seen that MCC PH 102 has a lower true density than MCC 
PH 101 and MCC DG. A higher true density leads to heavier particles and so to better 
flowability in case of gravity flow. These results are consistent with the Carr’s Index and 
Hausner ratio results presented in Section 4.4.1. However, this is in contradiction to the data 
obtained in Section 4.4.2 where MCC which influence powder flowability in the different 
mechanical loads. As mentioned, Carr’s Index and flowdex experiments are governed from 
density properties; while for Schulze shear test experiments the particle size becomes 
dominant.  
 
4.4.4 Die filling results 
 
Die filling experiments were performed on pure powders using the methodology reported in 
Section 3.5. The filling ratio was calculated using Eq. (3.22) and presented in Fig. 4.16 as a 
function of the shoe speed for all the material analyzed. The results showed that for a higher 
fill ratio were obtained for mannitol at a given shoe speed. This led to the conclusion that 
mannitol has the highest flowability over all the other powders because more mass was 
deposited into the die. MCC powders presented a lower flowability than mannitol and more 
specifically MCC PH 102 has higher fill ratio than MCC PH 101, while MCC DG showed to 
be the less flowable powder. As comparison with previous flowability experiments, also in this 
case, mannitol results are consistent with flodex and Carr’s Index results while MCCs results 
are consistent with Schulze shear results.  Additionally, using Eq. (2.16) the critical fill speed 
and the coefficient n have been calculated for all the powder and reported in Table 4.7. 
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Fig. 4.16 Filling ratio as a function of shoe speed for pure powders. 
Table 4.7 Die filling parameters n and Vc for pharmaceutical powders. 
MCC PH 102 MCC DG MCC PH 101 Mannitol 
n 
Vc 
(mm/s) 
n 
Vc 
(mm/s) 
n 
Vc 
(mm/s) 
n 
Vc 
(mm/s) 
0.88 21.65 0.61 10.67 0.82 13.26 0.90 51.57 
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4.5 Compressibility 
 
Compressibility analysis have been performed on the five pure powders using methodology 
described in Chapter 3. Figure 4.17 shows the Heckel plots, including loading and unloading 
processes for MCC PH 102 powder. 
 
Fig. 4.17 Heckel plot of MCC PH 102 powder including loading and unloading 
processes. 
To simplify the comparison and analysis, in Fig. 4.18 the plots are shown with focus only on 
the compression process for MCCs, lactose and mannitol powders using the same 
compression pressure of 25 MPa.  
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Fig. 4.18 Heckel plot of pharmaceutical powders, only loading process. 
For the compression process, all MCC materials have similar patterns, lactose has higher      
ln (1/1-Porosity) values at higher compression pressure, while Mannitol resulted to have the 
highest values overall. As described in Section 2.1.5, from the Heckel equation it is possible 
to determine the Heckel yield stress (Py) values from the curve plateau region of the graph 
during the loading process.   
 
Robert and Rowe (1987) proposed a criterion to classify powder materials based on the Heckel 
yield stress, which is presented in Table.4.8. The Heckel yield stress for the materials under 
investigated is shown in Table 4.9.   
Table 4.8 The criterion to classify powders (Robert & Rowe, 1987). 
𝑷𝒚 Compression Characteristics 
< 40 MPa Very Soft 
40 ~ 80 MPa Soft 
80 ~ 200 MPa Intermediate 
> 200 MPa Hard 
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Table 4.9 Powders classification. 
Material k Py (MPa) A 
MCC DG 0.0147 68.027 0.2654 
MCC PH 101 0.0146 68.493 0.2462 
MCC PH 102 0.0156 64.102 0.2243 
Lactose 0.0116 86.206 0.3315 
Mannitol 0.0121 82.644 0.3728 
 
The slope of the Heckel plot (k) is indicative of the plastic behavior of the material (Duberg 
and Nystrom, 1982).
  
A higher value for the slope is related to a greater degree of plasticity in 
the material. From the results shown in Table 4.9, MCC powders have a higher plasticity than 
lactose and mannitol. Between the MCC powders, MCC PH 102 shows the highest plasticity 
during compression. Following the criterion proposed in Table 4.8 MCCs powders are soft 
materials while lactose and mannitol are defined as intermediate. This implies that MCC 
powders have a good compressibility and are relatively easier to compress than lactose and 
mannitol. These results are consistent with the studies performed by Zhang et al. (2003), who 
justified the higher compressibility (i.e. lower Py) of MCC due to the larger surface area 
generated by plastic deformation, which lead closer contact and enhancement of the formation 
of bonding when plastic deformation occurs. While lower compressibility of lactose is 
explained due to the influence of both deformation and fragmentation menchanisms. Mannitol 
results are also consistent with literature data observed by Gharaibeh et al. (2013), in which 
mannitol have a Py value larger than 80 MPa due to its brittle nature.   
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4.6 Compactibility 
 
The compactibility of different pharmaceutical powders was assessed using a compactibiliy 
experiments as described in Chapter 3. Tensile strength as a function of different relative 
density (RD) were obtained for all 4 pharmaceutical powders considered (Fig. 4.19). The 
general trend shows an increase of tensile strength with the increase of RD, as also found in 
Tye et al (2004), in which lactose powder presented a lower tensile strength at a higher porosity 
(i.e. lower RD) than MCC PH 102 powder.  
 
Fig. 4.19 Tensile strength as a function of relative density for pharmaceutical powders. 
Results demonstrated MCC produced the strongest tablets, whereas lactose produced the 
weakest tablets. The tensile strength of mannitol fell in between. Mannitol have a lower tensile 
strength than MCC powders. This is consistent with the results obtained by Zhang et al (2003) 
and Garaibeh et al (2013) who justified lower tensile strength for these materials due to their 
brittle nature.  As observed from the compressibility results in the previous section, MCC is 
characterized by high plasticity. The high plasticity of MCC leads to more strong compacts as 
explained by Zhang et al. (2003) who observed that, because MCC undergoes significant 
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plastic deformation during compression, this brings an extremely large surface area into close 
contact and helps hydrogen bond formation between the plastically deformed adjacent cellulose 
particles. In addition, the moisture within the porous structure of MCC acts as an internal 
lubricant. This facilitates slippage and flow within the individual microcrystals during plastic 
deformation, which enforces the formation of hydrogen bond bridges and gives MCC a very 
good hardness. Lactose produced weak compacts according to van der Voort Maarschalk and 
Bolhuis (1998) and Cole et al, (1975), who explained the decrease of tensile strength due to the 
larger fragmentation during the compaction process. The fragmentation generates a large 
number of particles and increases the number of contact points that support the applied load 
during compaction. As a result, the stress applied on each contact point is relatively smaller 
and this leads to low strength of the bonds between particles.  
 
The three microcrystalline cellulose powders behave very similarly at low RD, while at high 
RD values, they start to deviate. MCC DG has a higher tensile strength compared to the other 
two powders. This is consistent with the literature results in which MCC DG has generally a 
higher tensile strength than the other MCC powders (FMC BioPolymer, 2014).  
 
It is interesting to notice that all the experimental data can be approximated with the 
Ryshkewitch equation (Eq. 2.14). In this way it was possible to determine the tensile strength 
at zero porosity σ0 and the constant k for all the different powders, as shown in Table 4.10. The 
brittle materials (i.e. mannitol and lactose) have lower tensile strength at zero porosity and the 
highest value of k than MCC powders. For the MCC powders, the results are consistent with 
the results obtained by Williams et al. (1997) in which MCC PH 101 has a tensile strength 
slightly higher than MCC PH 102, while MCC DG has the highest tensile strength overall.  
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Table 4.10 Tensile strength at zero porosity and plasticity constant for different powders. 
Material σ0 (N/mm2) k 
Mannitol 12.89 11.0 
Lactose 14.016 16.8 
MCC PH 102 24.08 7.3 
MCC PH 101 31.27 8.1 
MCC DG 38.30 9.0 
 
The compactibility behavior of the three pharmaceutical mixtures of MCC and Lactose (see 
Section 3.1.2 for more details) have also been studied in this section as it will be used as 
material characterization in Chapter 7.  
 
Fig. 4.20 shows the tensile strength as a function of relative density for the three mixtures.  
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From Fig. 4.20 it can be observed that for mixtures the tensile strength increase with 
the increase of relative density. At a given relative density, the mixture having the higher 
content of MCC has the higher tensile strength. This can be explained using the pure 
component compactibility properties (Fig. 4.19), in which MCC has a higher 
compactibiltiy then lactose. As a consequence, the increase of MCC content in the 
mixture leads to higher tensile strengths.    
 
4.7 Summary 
 
Powder properties such as size, shape, flowability, compressibility and compactibility have 
been characterized for pharmaceutical excipients using various techniques.  Size results using 
the three techniques were found to be of very different values. QicPic results are higher in value 
than Camsizer XT results. Furthermore, sieving analysis showed an overestimation of MCC 
PH 101 and MCC DG powder results due to shape factors, because during sieving more 
elongated particles tends to have a preferential orientation along its longer side. Mannitol has 
the most spherical shape among all the powders, while MCC PH 101 and MCC DG particles 
are more elongated. MCC PH 102 has a sphericity in between MCC PH 101 and Mannitol. 
Overall, flowability analysis identified mannitol as the powder with higher flowability; while 
MCC results vary based on the techniques used for characterization. MCCs powders showed 
the higher plasticity behavior during compression process while mannitol and lactose have 
lower compressibility. Compactibility characterization was also examined in terms of tensile 
strength as a function of relative density and the key parameters, i.e. tensile strength at zero 
porosity and plasticity constant, were also determined. Mannitol has the lowest tensile strength 
due to its brittle character, while MCC DG has the highest tensile strength overall.  
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Powder characterization has already been studied in literature studies, however the novelty of 
this Chapter has been the comparison between a wide range of different techniques for each 
material properties and their inter correlation (such as particle-shape, particle-flowability, etc). 
Additionally, the powder characteristics presented in this Chapter have been used for further 
analysis and discussion in the result Chapters as showed in Fig 4.21. 
 
Fig. 4.21 Diagram for powder characteristics application in further Chapters of the thesis.  
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CHAPTER 5 DETERMINATION OF MECHANICAL 
PROPERTIES FOR MECHANISTIC MODELLING OF 
PHARMACEUTICAL POWDERS 
 
In this Chapter, the Drucker-Prager Cap (DPC) model is chosen for describing the elastic-
plastic behaviour during compaction of pure component excipients, including microcrystalline 
cellulose (MCC), mannitol and lactose (Section 5.1), and binary mixtures of lactose and MCC 
(Section 5.2). The influences of material properties on the DPC parameters and friction 
coefficients are also investigated and a comparison between pure single component powders 
and mixtures is further discussed in Section 5.3.  
 
5.1 Single component powders  
 
Using the procedure discussed in Section 3.2.6, the DPC parameters and friction coefficients 
for 5 feed powders were determined and are presented here. Figs 5.1 and 5.2 show the elasticity 
parameters, respectively, the Young’s modulus, E, and Poisson’s ratio, ν, as a function of the 
relative density. Young’s modulus was found to increase with the increase of relative density 
for all materials considered. The results showed that Young’s modulus for mannitol and lactose 
are higher than that of MCC powders. This means that lactose and mannitol are more difficult 
to be deformed elastically due to the fact that higher Young’s modulus values lead to lower 
elastic deformation. This was explained by La Marche (2014) as being due to their brittle 
nature. At high relative densities, lactose has slightly lower E values than mannitol, but higher 
than MCC DG. Young’s moduli for the three grades of MCC powders considered are almost 
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identical in the relative density range 0.3-0.65, which is in broad agreement with the data 
published by Cunningham (2004). 
 
For all the powders presented in this work, Poisson’s ratio increases linearly with the increasing 
relative density except for Mannitol, for which the Poisson’s ratio is almost constant when the 
relative density is above 0.7 (Fig. 5.2). The Poisson’s ratio for MCC PH101 and MCC PH102 
are very similar, but are slightly higher than that for MCC DG. This is also consistent with the 
data for MCC PH101 published by Han et al. (2008).  
 
 
Fig. 5.1 Young’s modulus as a function of the relative density. 
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Fig. 5.2 Poisson’s ratio as a function of the relative density. 
 
Figs 5.3 and 5.4 show the cohesion (d) and the internal friction angle (β) at different relative 
densities for all the powders considered. It is shown that for all the materials considered 
cohesion increases exponentially with the increasing relative density. At a given relative 
density, MCC powders have a higher cohesion than mannitol and lactose. This can be explained 
by using the size results of Chapter 4, which show mannitol having a larger particle size. As 
previously observed from die filling results, fine particles present higher cohesion. As a result, 
MCC powders, which are characterized by more fine particles than the other two materials, 
have higher cohesion values. For MCC powders, the maximum value of the cohesion reaches 
18 MPa, while for mannitol and lactose, it is 7 MPa and 4 MPa respectively. When the relative 
density is above 0.65, the cohesion for mannitol and lactose starts to increase, while at a low 
relative density, the cohesion is almost constant. This was explained by Cunningham et al. 
(2004) as being due to the approach of an almost full density (i.e. relative density equal to one) 
of the deforming powder bed. However, for all MCC powders, even at low relative densities, 
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the cohesion increases with increasing relative density. This behaviour was also observed by 
La Marche (2014), who observed that the increase of relative density leads to more particles 
interacting with each other and as a consequence to an increase of cohesion forces. 
Nevertheless, at high relative densities (say >0.7), the cohesion for MCC PH 102 is the lowest 
among three grades of MCC powders considered. This can be explained using the 
compactibility results obtained in Chapter 4, which showed that at higher relative densities, 
MCC PH 102 tablets resulted to have a lower tensile strength. A lower tensile strength is due 
to lower interaction forces between the particles, including cohesion forces.   
The angle of internal friction, β, is less sensitive to the relative density. Even so, β decreases 
slightly with the increase of relative density, for all materials considered. The range of frictional 
angles is between 71 and 80°. MCC powders have an almost constant value of 75°. For Lactose, 
the angle of internal friction decreases from 80° to 76° as the relative density increases, while 
for mannitol, the angle of internal friction increases only from 71 to 74°. 
 
 
Fig. 5.3 Cohesion as a function of the relative density. 
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Fig. 5.4 Angle of internal friction as a function of the relative density. 
 
Fig. 5.5 Cap eccentricity parameter R as a function of the relative density. 
50
55
60
65
70
75
80
85
90
0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
β
(°
)
Relative density
MCC PH 101
MCC PH 102
MCC DG
Mannitol
Lactose
0
0.2
0.4
0.6
0.8
1
1.2
1.4
0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
R
Relative density
MCC 101
MCC 102
MCC DG
Mannitol
Lactose
 136 
 
 
Fig. 5.6 Hydrostatic yield pressure as a function of volumetric plastic strain. 
 
The variation of the cap eccentricity parameter with the relative density is shown in Fig. 5.5.  
For all the powders, greater R values are obtained for denser powder beds, and the overall range 
varies from 0.4 to 1.3. At high relative densities (say 0.7-0.9), the highest R value is found for 
Mannitol. Interestingly, similarly to Poisson’s ratio, MCC 101 and MCC 102 have higher R 
values than MCC DG.  
 
The dependence of the hydrostatic yield pressure, pb, on the volumetric plastic strain εvol for all 
powders is presented in Fig. 5.6. An increase of the volumetric plastic strain with increasing 
volumetric plastic strain is observed for all powders. It is interesting to observe that pb values 
for mannitol and lactose are higher than that for MCC powders for a given plastic strain value.  
The magnitude of the yield pressure range is also very different between Lactose, which has 
an increase of pb from 15 MPa to 160 MPa, and MCC PH 101 for which pb increases from 5 to 
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25 MPa. When εvol is above 0.7, for MCC DG, the volumetric plastic strain is much higher than 
that for the other two MCC powders. 
 
 Fig. 5.7 Friction coefficient as a function of the upper punch stress.  
 
Fig. 5.7 shows friction coefficient, μ, as a function of the compressive stress at the upper punch 
for all powders considered. This coefficient decreases with increasing compressive stress until 
at high compressive stresses a constant value is reached, which was also observed by many 
others (see, e.g. Sinka et al. 2001, Cunningham et al. 2004, Wu et al. 2005). Table 5.1 presents 
the average friction coefficients at high compressive stresses for all powders considered. It is 
clear that MCC PH 102 has the lowest friction coefficient of around 0.13, while the lactose has 
the highest value of 0.42.  
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Table.5.1 Die wall friction coefficients for all powders considered. 
Material 
Friction 
coefficient 
Standard 
Deviation 
MCC PH 101 0.24 0.02 
MCC PH 102 0.13 0.01 
MCC DG 0.19 0.02 
Mannitol 0.14 0.01 
Lactose 0.42 0.02 
 
5.2 Binary mixtures 
  
The DPC parameters and friction coefficients for mixtures of MCC and lactose were 
determined using the same procedure as for single component powders. The results are 
presented in this Section. 
 
Fig. 5.8 Young’s modulus as a function of the relative density for binary mixtures. 
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   Fig. 5.9 Poisson’s ratio as a function of the relative density for mixtures. 
 
Figs 5.8 and 5.9 show, respectively, Young’s modulus, E, and Poisson’s ratio, v, as a function 
of relative density for all the mixtures and the single component powders considered. It was 
found that Young’s modulus increases with the increasing relative density. At a given relative 
density, the increase of lactose percentage in the mixture leads to an increase in Young’s 
modulus. Poisson’s ratio, which increases linearly with the increasing relative density (Fig. 
5.9), varies in range from 0.05 to 0.35.  
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Fig. 5.10 Cohesion as a function of the relative density for binary mixtures. 
 
Fig. 5.10 shows cohesion as a function of the relative density. Similarly to the single powders, 
cohesion increases exponentially with the increasing relative density. It is interesting to observe 
that, for all the three mixtures, cohesion starts to increase from a relative density above 0.6, 
similar to pure lactose. At a given relative density, mixture 3, which has the higher percentage 
of lactose, has the lowest cohesion value. Mixture 3 also has a maximum cohesion value of 5.6 
MPa, followed by Mixture 2 (50% Lactose) with a maximum cohesion of 8.0 MPa and mixture 
1 (25% Lactose) with a value of 8.2 MPa. To conclude, the results showed that the higher the 
faction of lactose, the lower the cohesion of the mixture.  
 
The angle of internal friction, β, as a function of the relative density for binary mixtures and 
the single component powders, is shown in Fig. 5.11. The internal friction angle is less sensitive 
to the relative density for all the mixtures considered. Mixtures 1 and 3 have an almost constant 
value of internal frictional angle at 81°, which is higher than pure MCC and Lactose. In 
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contrast, mixture 2 showed a lower angle of internal friction, similar to the value of the pure 
MCC PH 102.  
 
Fig. 5.11 Angle of internal friction as a function of the relative density for binary mixtures. 
 
The corresponding cap eccentricity parameter R as a function of relative density is shown in 
Fig. 5.12. For all the mixtures, powders characterized by higher density present higher R 
values. Cap eccentricity values for all the mixtures are very close, except that at higher relative 
densities, mixture 1 with the highest percentage of lactose has a slightly higher R value 
compared to the other two mixtures.  
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Fig. 5.12 Cap eccentricity parameter R as a function of relative density for binary mixtures. 
 
The dependence of the hydrostatic yield pressure, pb, on the volumetric plastic strain εvol is 
shown in Fig. 5.13. For all the powders, the volumetric plastic strain increases with the 
increasing volumetric plastic strain. At a given pb, all the mixtures have higher εvol than lactose 
and lower value than MCC PH102.  Interestingly, an increase in lactose percentage in the 
mixtures results in an increase of hydrostatic yield pressure at a given volumetric plastic strain. 
The magnitude of the yield pressure is very different between the three mixtures. For mixture 
1, the hydrostatic yield pressure value increases from 8 MPa to 96 MPa, when the volumetric 
plastic strain increases from 0.73 to 1.16. For mixture 3, the value increases from 10 to 87 MPa 
while the plastic strain range increases from 0.6 to 0.83, while mixture two lies in between with 
a hydrostatic yield pressure in the range 0.63-1.04 and a corresponding volumetric plastic strain 
range between 11 and 79 MPa.  
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Fig. 5.14 shows friction coefficient, μ, as a function of the compressive stress at the top punch 
for all the mixtures and single component powders. It is shown that μ decreases with the 
increasing compressive stress for the mixture with 50% lactose, while for the mixture with 25% 
and 75% lactose, it slightly increases but in both cases it reaches a constant value. All mixtures 
have a lower friction coefficient than the pure lactose, but with a similar value to that of MCC 
PH 102. Table 5.2 presents the friction coefficients obtained for all the materials under 
investigation. 
 
Fig. 5.13 Hydrostatic yield pressure as a function of the volumetric plastic for mixtures.  
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Fig. 5.14 Friction coefficient as a function of the compressive stress at the top punch for 
mixtures. 
 
Table 5.2 Die wall frictions for three mixtures of MCC PH102 and lactose. 
Material Friction 
coefficient 
Standard 
Deviation 
75%MCC_25%Lactose 0.097 0.004 
50%MCC_50%Lactose 0.200 0.007 
25%MCC_75%Lactose 0.167 0.008 
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5.3 Discussion 
 
From the results presented in Figs 5.1-5.6, it is clear that the DPC parameters, elasticity and 
die-wall friction are material-specific. It can be seen in Fig. 5.3 that, for MCC powders, 
Young’s moduli and cohesion have generally the lowest values while Poisson’s ratios have the 
highest values. This behaviour was also found by La Marche (2014), who observed a much 
higher cohesion for microcrystalline cellulose compared to two different grades of lactose. 
MCC has a much higher cohesion than mannitol and lactose, and interestingly all the three 
different grades of MCC have a very similar behaviour. MCC DG appears to have a higher 
Young’s modulus and a lower Poisson ratio than the other MCC powders probably due to the 
presence of 25% anhydrous dibasic calcium phosphate in its composition. To conclude, to 
demonstrate the good agreement between the results obtained and the literature, a comparison 
between them is shown in the following Fig. 5.15.  
 
Fig. 5.15 Comparison between MCC PH 101 results obtained using the experiments and 
literature results (Han et al. 2008). 
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Lactose and mannitol powders have very similar DPC parameters. Lower cohesion was found 
for lactose, which is in good agreement with literature data in which lactose is known as a 
brittle material, with low cohesion (Ilic et al, 2009). The most significant parameters for lactose 
and mannitol are the elastic parameters (E and ν). More specifically, they have high Young 
modulus and lower Poisson ratio than the other powders. High Young’s modulus show that the 
powders will be stiff while low Poisson ratio leads to lower force transfer to the walls during 
the compaction process. A particularly high hydrostatic yields stress was obtained for lactose, 
meaning that more force is needed to reach a given relative density.  
To conclude, from the results obtained it is possible to separate the materials in two different 
groups: MCC powders, which are characterized by plastic densification mechanisms; and 
mannitol and lactose, which are associated with densification by brittle particle fracture.  These 
two groups were also observed by La Marche et al. (2014).  
 
For three mixtures composed of MCC PH 102 and lactose, the main parameters influenced by 
the increase of percentage of lactose inside the mixture are cohesion (d), Young’s modulus (E) 
and volumetric plastic strain (pb). More specifically, the cohesion decreases as the 
concentration of lactose increases. An increase in the concentration of lactose in the 
formulation leads to an increase in Young’s modulus. Furthermore, an increase in the 
concentration of lactose also leads to an increase in hydrostatic yields stress at a given 
volumetric plastic strain. Both these results can be associated with the main findings in the 
previous section for pure lactose powder. Indeed, the increase of Young’ modulus with 
increased lactose percentage is due to the high Young’s modulus of the lactose pure powder 
stiffness as observed in the results shown in Fig. 5.1. Similarly, higher hydrostatic yields stress 
for the mixture made with a higher percentage of lactose, is due by the influence of higher pb 
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values for the pure lactose. The other parameters examined are not very sensitive to the change 
in the concentration of lactose in the mixture probably due to predominant plastic nature of 
MCC PH 102. The influence of the concentration of lactose on the die wall friction coefficient 
is not particularly predominant; however, it was found a slight increase of the friction 
coefficient for the mixtures having higher content of lactose.  
 
 
5.4 FEM model results 
 
As previously mentioned in Chapter 2, DPC parameters were used as inputs for FEM models 
for the study of mechanical behaviour of powders during compaction. More specifically, the 
DPC model can be used to analyse the relative density changes and stress distributions in the 
compacted powder (Hayashi et al., 2013). In this Section FEM was employed to analyze the 
mechanical behaviour of powders discussed in the previous sections, for which the commercial 
software ABAQUS was used. In the FEM model, USDFLD user subroutine was implemented 
to predict density distribution in the compacted powder. The Drucker Prager Cap (DPC) model, 
which has been widely used for modelling the mechanical behavior of powder compaction and 
in this case, properties from the calibration of the DPC model for five different excipients was 
implemented. Subsequently, all three stages of a typical compaction process, i.e., compression, 
decompression and ejection, were modelled as an axi-symmetrical problem, using an adaptive 
mesh with stress - displacement degrees of freedom (Fig. 5.16). The interaction between the 
powder and the tooling surfaces was applied as master-slave contacts with finite sliding. All 
modeling work reported in this section were performed by Dr. Alexander Krok.  
 
 148 
 
 
Fig. 5.16 Flow chart of the finite element analysis: a typical finite element model for 
modeling the compaction of flat-faced tablets, the model at the point of maximum 
compression, and the model during decompression. An axisymmetric two-dimensional model 
(right half) was used (Hayashi et al., 2013). 
 
In addition to the stages presented in the flow chart above, in the present work, the ejection 
phase has also been considered. As an example, Fig. 5.17 shows the results obtained for MCC 
PH 102 to achieve a final tablet thickness of 4.5 mm in which the different colours indicates 
different relative density (RD) values.  
 
(a) 
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(b) 
 
(c) 
Fig. 5.17 FEM simulation of compaction process for MCC PH 102: a) loading, b) unloading 
and c) ejection processes. 
 
To summarise, the density distributions at the end of each step (i.e. compression, unloading 
and ejection) are shown in Fig. 5.18 
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Fig. 5.18 Final density distribution during the three steps of the compaction process for MCC 
PH102. 
 
Following the previous example, all the 5 excipients analysed in Section 5.1 were modelled 
using FEM using a minimum punch separation of 5.95 mm, all the input parameters are 
presented in Appendix B. The results for the density distributions after ejection are shown in 
Fig. 5.19. A very different reaction of the material to the same process can be observed. Indeed, 
MCC powders have a much lower relative density than lactose and mannitol. The range of final 
relative densities is between 0.414 and 0.979. Additionally, it is possible to observe a different 
final thickness after ejection for the different materials due to the elastic recovery of the 
material after compression. However, these are preliminary data that cannot be generalised, as 
further studies need to be performed (for more details please see future works Section in 
Chapter 8).  
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Fig. 5.19 Density distributions for 5 different materials after ejection. 
 
5.5 Summary 
 
A complete DPC parameter characterization was performed on 5 pharmaceutical excipients 
and 3 mixtures of lactose and microcrystalline cellulose. It was found that MCC powders have 
the highest cohesion values compared to the other excipients, while lactose and mannitol have 
higher Young’s moduli. Poisson’s ratio and internal friction angle are almost identical for all 
excipients considered. For the mixtures, the concentration of lactose highly influences 
parameters such as cohesion, Young’s modulus, Hydrostatic yield pressure and the die-wall 
friction coefficient. Aiming to verify the DPC parameters, a simple qualitative example of the 
DPC model applied to FEM simulation is also presented, which shows the difference in density 
distribution behaviours between the materials during the compaction process. Although 
previous studies have been performed on DPC characterization of mixtures, such as La Marche 
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et al. (2015), none of them have been able to correlate those with the single component powders 
because of the inability to produce tablets using pure API. For this reason the novelty of this 
Chapter has been the study of mixtures behaviour and their correlation with the single 
component powders. 
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CHAPTER 6 PREDICTION OF RIBBON 
MILLING FROM FRIABILITY TESTS 
 
Dry granulation using roll compaction (RCDG) has increasingly adopted in the pharmaceutical 
industry due to its unique advantage of not requiring liquid binder and a subsequent drying 
process.  However, the RCDG process presents also some challenges, in particular, high fine 
fraction generated during the milling stage significantly limits its application. Although the 
fines produced can be recycled in practice, it may lead to poor content uniformity of the final 
product. At present there is a lack of mechanistic understanding of milling of roll compacted 
ribbons. For instance, it is not clear how fines are generated, what are the dominant mechanisms 
and controlling attributes and if any measurement technique can be used to characterise ribbon 
milling behaviour. Therefore, the aim of this Chapter is to assess if ribbon milling behaviour 
can be assessed using some characterization methods. For this purpose, ribbon porosity 
(Section 6.1) and friability (Section 6.2) was evaluated for ribbons made of microcrystalline 
cellulose (MCC) powders. A friability tester that was originally developed for characterising 
the attrition tendency of pharmaceutical tablets to generate small pieces while being abraded is 
used. Granules were also produced by milling of the ribbons and their size distributions were 
analysed (Section 6.3). The correlation between the fine fractions of the granules with ribbon 
friability was then explored and the main results presented in Section 6.4. 
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6.1 Ribbon porosity 
 
Fig. 6.1 shows the porosity of ribbons made of different materials at two roll speeds. It can be 
seen that, for all materials considered, the ribbon porosity increases as the roll speed increases. 
This is consistent with the results obtained by Yu et al. (2012) who showed that, using a roll 
compactor with a fixed roll gap, the maximum roll pressure decreases as the roll speed 
increases. As a consequence, ribbons of higher porosities were produced at high roll speeds. 
At the same roll compaction conditions, the ribbon made of MCC PH102 has the highest 
porosity, while the MCC DG the lowest one. This implies that slightly denser ribbons were 
produced with MCC DG, comparing to other two grades of MCC powders considered. This is 
due to the fact that MCC DG has a higher bulk density and higher tendency to plastic 
deformation, comparing to MCC PH102 and PH101.  
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Fig. 6.1 Porosities of ribbons made of various materials at different roll speeds (roll gap: 1.2 
mm). 
 
6.2 Ribbon friability 
 
A typical example of ribbons before and after the friability test is shown in Fig. 6.2. It is clear 
that the corners and edges of the square pieces were worn off during the friability test, as the 
ribbons abrade with each other or with the walls of the friability testers. Abrasion is observed 
to be the primary mechanism during the friability test reported here, as no significant collision 
is observed.    
 
    
(a) Before the test      (b) After the test 
       Fig.6.2 Photographs of a ribbon piece made of MCC PH102 (a) before and (b) after the 
friability test. 
 
Using the methodology described in Section 3.3.2, the ribbon friability obtained for ribbons 
made of 3 materials at 2 roll speeds is presented in Fig. 6.3. It can be seen that, for a given 
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material, the friability increases as the ribbon porosity increases. The friability of the ribbons 
produced at a higher porosity is generally higher than that with a lower porosity. In addition, 
the porosity appears to have a more significant impact on the friability for MCC DG than MCC 
PH101 and MCC 102, as the ribbon friability for MCC DG increased sharply when the porosity 
increased. Ribbons made of MCC PH101 are less friable than MCC PH102, as the porosities 
of MCC PH101 ribbons are generally lower than that of MCC PH102 using the same 
parameters setting for roll compaction, which is consistent with the observation of Herting and 
Kleinebudde (2007). Although a higher friability is obtained with ribbons of higher porosity 
(i.e. less dense packed) for a given material. It is also noticed that, being produced at the same 
roll compaction condition, ribbons made of MCC DG generally have the highest friability 
comparing to MCC PH101 and MCC PH102, even though the porosities of the ribbons made 
of MCC DG are generally the lowest (i.e. are the densest ones) as shown in Fig. 6.1. This 
implies that friability depends on not only the porosity but also other material properties, such 
as particle size and chemical compositions. 
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Fig. 6.3 Friability of various ribbons considered.  
 
6.3 Granule size distribution (GSD) 
  
The size distributions of the granules obtained from ribbon milling were analysed and presented 
in Figs 6.4 and 6.5. In Fig. 6.4 the granule size distributions obtained from ribbons with 
different porosities are shown. It can clear that, for the granules made from ribbons of higher 
porosity, the fraction of coarse granules is lowers and a wider size distribution is obtained. 
Similarly, to the friability behaviour observed in Fig. 6.3, for MCC DG, there is a more 
significant decrease in the fraction of coarse granules, comparing to MCC PH 101 and MCC 
PH 102. Fig. 6.5 shows the corresponding cumulative size distribution. It can be seen that the 
cumulative size distribution shifts towards the smaller granule size as the ribbon porosity 
increases. The corresponding d10, d50 and d90, for all samples considered are shown in Fig. 
6.6, in which d10 indicates the small particle sizes, d50 the mean granule size and d90 the large 
granule size. It can be seen from Fig. 6.6a that, for all materials considered, d10 for the granules 
produced with ribbons with a higher porosity is much lower, comparing to that with a lower 
porosity. Since a low value of d10 generally implies a higher amount of fines being produced. 
It is hence suggested that more fine granules will be produced from milling of ribbons with a 
higher porosity. When different materials were processed at the same condition, d10 obtained 
with MCC DG is the lowest among the materials considered, while d10 for MCC PH101 and 
PH102 are very similar. D50 (Fig. 6.6b) and d90 (Fig. 6.6c) for the granules produced with 
ribbons of different porosities and different materials are comparable. Nevertheless, as the 
porosity increases, d50 appears to decrease slightly but d90 increases marginally, for all 
materials considered. While the span becomes larger for granules obtained from ribbons of a 
higher porosity as observed in Fig. 6.6d. 
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(c) MCC DG 
Fig. 6.4 Granule size distributions obtained from ribbons with different porosities and various 
materials considered (roll gap: 1.2 mm). 
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(b) MCC PH 102 
 
(c) MCC DG 
Fig. 6.5 Cumulative size distributions obtained from ribbons with different porosities and 
various materials considered (roll gap: 1.2 mm).  
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(c) 
(d) 
Fig. 6.6 Size distributions for granules obtained using ribbons with different porosities and 
various materials considered (roll gap: 1.2 mm). 
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6.4 Correlation between GSD and ribbon friability 
 
The variation of GSD parameters with friability for various ribbons considered is shown in Fig. 
6.7. It can be seen that there are strong correlations between d10, span and the friability, while 
d50 and d90 for all cases considered is very similar. In particular, as the friability of the ribbons 
increases, d10 decreases while the span increases. Moreover, there is little variation in d50 and 
d90. This indicates that granules produced with more friable ribbons will contains smaller fine 
granules and have wider granule size distributions. This is consistent with the results obtained 
by Weyenberg et al. (2005), who characterised ciprofloxacin granules used to produce ocular 
tablets and found that coarser granules were produced for stronger (i.e. less friable) ribbons. 
This also implies that fine granules may be predominantly produced by abrasion during ribbon 
milling. Therefore, ribbon friability characterisation will be useful to indicate the fine fraction 
and the breadth of GSD during ribbon milling. 
 
(a) 
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(b) 
 
(c) 
 
 165 
 
 
(d) 
Fig. 6.7 Variation of GSD parameters (d10, d50, d90 and span) with ribbon friability.  
 
If the mean diameter of raw feed materials is used as the criteria to classify the fine granules 
(i.e. fine granules are defined as those with a size smaller than the mean diameter of the feed 
powder), the fine fractions for various granules produced are determined and plotted against 
the friability in Fig. 6.8. It is clear that the fine fraction increases as the friability increases for 
all materials considered. As aforementioned, the friability of ribbons increases as the porosity 
increases.  It is hence expected that the fine fraction will increase as the porosity increases, as 
demonstrated in Fig. 6.9. Nevertheless, comparing Fig. 6.8 with Fig. 6.9, it appears that there 
is a stronger correlation between the fine fraction and the friability, than that between the fine 
fraction and ribbon porosity. This is attributed to the fact that abrasion is the dominant 
mechanisms involved in both the milling (Yu et al. 2013) and the friability testing. 
Furthermore, ribbon friability can also be readily performed so the measurement can be used 
to evaluate the generation of fine granules during ribbon milling.  
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Fig. 6.8 Variation of granule fine fraction with ribbon friability. 
 
Fig. 6.9 Variation of granule fine fraction with ribbon porosity. 
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6.5 Summary 
 
Roll compaction and ribbon milling using three different grades of microcrystalline cellulose 
powders were performed, and ribbons were produced at two different roll compaction speeds 
and milled into granules. Porosities of these ribbons and the size distributions of granules 
produced were characterised. Furthermore, a new method was developed for the 
characterization of ribbon friability. More specifically, ribbon friability was measured using a 
friability tester that was developed primarily for characterising pharmaceutical tablets. With 
the novel use of the friability tester for ribbons, it was found that there is a strong correlation 
between d10 and the span of the granule size distribution with the ribbon friability. As the 
friability of ribbon increases, the value of d10 decreases and the span increases, indicating that 
more friable ribbons are milled into granules of a higher fine fraction and a larger span. Thus 
ribbon friability testing could be a useful technique for characterising ribbon milling behaviour 
for ribbons of sufficient strength. It should be noted that this method may not be suitable for 
brittle and fragile ribbons if they are too weak for the friability tests, which deserves further 
investigation.
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CHAPTER 7 THE EFFECT OF GRANULE SIZE 
ON DIE FILLING AND DIE COMPACTION 
BEHAVIOUR OF PHARMACEUTICAL 
POWDERS  
 
In this Chapter, an investigation of the influence of granule properties on die filling and die 
compaction processes of pharmaceutical excipients is performed. Specifically, die filling and 
compaction experiments using different sized granules of MCC and Mannitol are carried out. 
The effect of granule size on flowability for pure powders and mixtures is explored in Sections 
7.1 and 7.3, respectively, while the effect of granule size on compactibility of pure powders 
and mixtures is discussed in Sections 7.2 and 7.4, respectively. The correlation between the 
critical velocity (Vc) and the flow index (ѫ) is presented in Section 7.5 for both pure powders 
and binary mixtures. This work was carried out in collaboration with the Centre RAPSODEE 
in Albi (France) where the die compaction experiments were performed by Lucia Perez-
Gandarillas.  
 
7.1 Effect of granules size on flowability of pure powders  
The following section discusses the results obtained for flowability experiments, such as flodex 
and die filling, of different granule sizes of pure powders.  
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7.1.1 Flodex results 
 
Flodex experiments on granules made of pure powders were performed using the methodology 
described in Section 3.2.4.3. Fig. 7.1 shows flodex results in terms of flow index (ѫ) as a 
function of granules size, which are compared with the feed powder results (see Section 4.4.3 
for more details).  
Fig.7.1 Flow index (ѫ) as a function of granule size for four different materials. 
Fig. 7.1 shows an exponential decrease of the flow index with increasing granule size for all 
the material investigated.  The flow index is the orifice size through which the material can 
flow continuously. Therefore, a lower flow index means that a smaller orifice size is needed 
for the material to flow. This leads to the conclusion that coarse granules present higher 
flowability than fine ones. This is consistent with the results obtained by Xie and Puri (2012), 
who suggested that smaller particles have a larger surface area which increases the cohesion 
forces between particles; therefore the flowability decreases. MCC granules present a flow 
index range between 6 and 34 mm.  Overall the three MCC powders have similar flow index 
values. Exception is made for MCC DG which has a higher flow index (i.e. lower flowability) 
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when the granule size is higher than 500 μm. Mannitol granules have the highest flow indexes 
among all the materials investigated, leading to the conclusion that mannitol granules have the 
lowest flowability. As observed in Fig.7.1, the raw powders have flow indexes slightly higher 
than those of the finest granules sizes (i.e. 0-90 μm), except for mannitol raw powder which 
has a flow index much smaller (i.e. 4 mm) than that obtained for the granule size range 0-90 
μm (24 mm). As described by Mellmann et al. (2013), spherical particles have higher 
flowability than needled-shaped and rough particles. Particle shape results given in Chapter 4 
showed that mannitol is characterized by the highest sphericity. Consequently, raw mannitol 
powder has higher flowability. However, the shape factor is not predominant after the 
granulation, which may explain the decrease of flowability.   
 
7.1.2 Die filling results 
 
Die filling experiments were performed on different granule size ranges for four 
pharmaceutical powders. The methodology used is described in Section 3.5. Filling ratio is not 
a material property, however it is an experimental output which helps in the understanding of 
the influence of process parameters (i.e. shoe speed) or materials properties (i.e. size) on 
flowability behaviour of powders. For this reason, for each granule size, the fill ratio was 
calculated using the Eq. 3.23. Fig.7.2 presents the fill ratio as a function of the shoe speed for 
granules of three different size ranges (small (0-90 μm), medium (250-500 μm) and large 
(1.400-2.360 μm) for each material, as well as for the raw powder.  
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(c) 
 
(d) 
Fig. 7.2 Fill ratio as a function of shoe speed for three different granule size ranges made of 
(a) MCC PH 102, (b) MCC PH 101, (c) MCC DG and (d) Mannitol. 
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Fig. 7.2 shows a decrease of filling ratio with the increase of shoe speed for all the materials 
and granule sizes investigated. From the definition of filling ratio, higher values lead to higher 
mass deposited into the die and therefore to higher flowability. In conclusion, shoe speed is 
shown to be a parameter which influences negatively the process conditions at which the 
flowability of the materials is investigated. To achieve a given filling ratio value, lower shoe 
speeds are required for finer granules. In order to obtain the same mass in the die, fine granule 
experiments had to be run at lower shoe speeds than coarse granules. Therefore, it can be 
concluded that coarse granules have higher flowability than fine granules.    
 
To investigate the material effect on die filling experiments, the filling ratio as a function of 
shoe speed for four different powders with the same granule size range are compared in Fig.7.3. 
This is repeated for each granule size range produced. For granules of below 500 μm (Fig. 7.3a-
7.3c), MCC PH102 has the highest filling ratio at a given shoe speed, while mannitol has the 
lowest filling ratio values. MCC PH 101 and MCC DG values fall in between. Thus, to achieve 
the same filling ratio, the experiments performed on mannitol were run at lower shoe speeds 
than the MCC powders. As previously mentioned, this means that mannitol granules have 
lower flowability than MCC powders. Different flowability results are obtained for granules 
larger than 500 μm (Fig. 7.3d-7.3f). Specifically, the filling ratio as a function of shoe speed is 
almost identical for all the four different materials.  
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(e) 
 
(f) 
Fig. 7.3 Fill ratio as a function of shoe speed for four different materials in different granule 
size ranges: (a) 0-90 μm, (b) 90-250 μm, (c) 250-500 μm, (d) 500-1000 μm, (e) 1000-1400 
μm and (f) 1400-2360 μm. 
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Table 7.1 Die filling parameters n and Vc for pharmaceutical granules of different size for 
pure component and raw materials.  
GRANULE SIZE 
(μm) 
MCC PH 102 MCC DG MCC PH 101 Mannitol 
n 
Vc 
(mm/s) 
n 
Vc 
(mm/s) 
n 
Vc 
(mm/s) 
n 
Vc 
(mm/s) 
Powder 0.88 21.65 0.61 10.67 0.82 13.26 0.90 51.57 
90 0.90 31.36 0.40 8.18 0.64 16.96 0.93 22.83 
250 0.96 73.86 0.84 34.85 0.82 40.64 1.15 27.78 
500 1.15 156.23 0.96 98.32 0.85 121.72 1.19 102.56 
1000 1.27 204.58 1.13 201.59 0.99 144.17 1.30 190.45 
1400 1.22 206.91 1.14 204.56 1.14 195.62 1.30 205.89 
2360 1.23 196.37 1.17 198.08 1.30 199.05 1.30 206.40 
 
The critical velocity (Vc) and the n parameter are determined for all the different granule size 
ranges using Eq. 2.8 and reported in Table 7.1. Critical velocity as a function of the granule 
size is shown in Fig. 7.4. An exponential increase of Vc with the increase of granule size is 
found for all the four powders. MCC PH 102 presents slightly higher critical speed values than 
MCC PH 101 and MCC DG. Overall, mannitol and MCC powders do not show evident 
differences. Fig. 7.5 shows the n value as a function of granule size for all the powders 
investigated. The parameter n increases exponentially with the increase of granule size for all 
the materials. Interestingly, MCC powders have lower n values than mannitol over all the size 
ranges. Between the three MCC powders, the granules made of MCC PH 102 have higher 
values than MCC PH 101 and MCC DG. The exception here is made for two granules size 
ranges (i.e. 0-90 μm and 1,400-2,360 μm), in which MCC PH 101 has the highest n value. The 
main difference between MCCs and mannitol is the variation of the n values: for mannitol n is 
 178 
 
found in the range 0.9-1.3, while a much wider range of n values is found for MCC powders 
(0.4-1.30).   
 
Fig. 7.4 Critical velocity as a function of shoe speed for granules of different size ranges.  
 
 Fig. 7.5 Parameter n as a function of shoe speed for granules of different size ranges.   
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7.2 Effect of granule size on compactibility of pure powders 
 
Compactibility experiments were performed on different granule size ranges for four different 
pharmaceutical powders using the method described in Chapter 3. Fig. 7.6 shows the tensile 
strength of tablets produced with granules of three different MCC powders and sizes as a 
function of the relative density. Tensile strength increases exponentially with the increase of 
relative density for all the materials under investigation. An increase in the granule size leads 
to a reduction in the tensile strength of tablets at a given relative density. 
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(b) 
 
(c) 
Fig. 7.6 Tensile strength of tablets as a function of relative density: (a) MCC 101, (b) MCC 
102 and (c) MCC DG. 
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To highlight the material influence on the compactibility properties (i.e. tensile strength) of 
granules, the tensile strength as a function of relative density for the three MCC powders at a 
given granule size range is shown in Fig. 7.7. Specifically, Fig.7.7a shows very fine granules, 
and Fig. 7.7b shows very coarse granules. Results show that tablets produced with MCC PH 
101 have higher tensile strength than the tablet produced using MCC PH 102 and MCC DG at 
a given relative density for both fine and coarse granules. These results are in contrast with 
those for pure powder compactibility, in which MCC DG has slightly higher tensile strength 
(as discussed in Chapter 4 section 4.6). Therefore, it can be concluded that the milling process 
affects the compactibility of the material. However, comparing Figs 7.3 f and 7.7 b, it can be 
found that in contrast to the die filling results, in which the size is the predominant material 
property influencing flowability behaviour, in die compaction, other material properties and 
process conditions such as compaction pressure, are found to be more important than the 
particle size; indeed at the largest granule size range, the compactibilty behaviours are different 
for the three MCCs.   
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(a) 
 
(b) 
Fig. 7.7 Tensile strength of tablets as a function of relative density for the three MCCs 
powders at a given granule size: (a) 1-90 μm and (b) 1400-2360 μm.  
 
The results of tensile strength as a function of the relative density were analysed according to 
the Ryshkewitch-Duckworth equation (Eq. 2.7). The tensile strength at zero porosity (σ0), and 
the parameter k were determined as shown in Table 7.2. 
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Table 7.2 Tensile strength at zero porosity and plastic constant for granules of different size 
ranges and comparison with pure powders results. 
GRANULE SIZE 
(μm) 
MCC PH 102 MCC DG MCC PH 101 
σ0 
(MPa) 
k 
σ0 
(MPa) 
k 
σ0 
(MPa) 
k 
Powder 24.1 7.3 31.3 8.1 38.3 9.0 
90 18.0 6.8 9.1 7.6 31.4 7.9 
250 18.8 8.1 9.1 7.3 30.8 9.3 
500 17.0 9.0 8.3 9.0 28.1 10.5 
1000 17.2 9.4 8.5 10.1 29.2 10.6 
1400 16.0 9.2 9.2 10.4 31.3 10.8 
2360 17.4 9.4 9.0 10.1 30.9 10.9 
 
Table 7.2 shows that σ0 is almost insensitive to granule sizes for all the pure powders studied. 
In contrast, parameter k is influenced by the granule size; specifically, k increases with 
increased granule size for all the materials. Overall, MCC PH 101 has the highest values for 
both σ0 and k. Lower σ0 values were found for all the granules compared to those of pure 
powders. These findings are consistent with the results obtained by Lucia Perez-Gandarillas et 
al. (2016), in which the tensile strength of tablets made of granules is lower than tablets made 
of raw materials.  
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7.3 Effect of granule size on flowability of mixtures 
 
In this section the flowability results obtained from flodex and die filling experiments for MCC 
PH 102/lactose mixtures are shown and compared with MCC PH 102 pure powder results.  
7.3.1 Flodex results 
 
Flowability index values for the three feed mixtures and the granules of different size ranges 
are shown in Table 7.3. Interestingly, for the mixtures, mixture 1 has a higher flow index value 
than mixture 2 and mixture 3. This means that for mixtures with a higher MCC percentage (i.e. 
mixture 1 composed of 75% MCC and 25% lactose) a larger orifice size is needed to make the 
powder flow; therefore it has a lower flowability. From this observation, it can be concluded 
that an increase of MCC percentage or an increase in lactose percentage in a mixture leads to 
an improvement of flowability.  
     Tab 7.3 Flow index for pharmaceutical granules of different size for mixtures. 
GRANULE SIZE (μm) 
FLOWABILITY INDEX ѫ (mm) 
Mix 1 Mix 2 Mix 3 
Mixture (ungranulated) 30 28 26 
1-90 22 22 22 
90-250 14 16 20 
250-500 10 10 10 
500-1000 9 9 9 
1000-1400 9 9 10 
1400-2360 8 9 10 
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Fig. 7.8 shows the flow index as a function of granule size for granules of different size ranges 
made of the three mixtures and compared with the results obtained for pure MCC PH 102 
granules (as discussed in Section 7.1). It was found that the flow index decreases exponentially 
with increased granule size for all the mixtures. This leads to the same conclusion observed for 
pure powders, namely, increased granule size improves material flowability. For the fine 
granule size range, i.e. up to 90 μm, MCC PH 102 powder has a higher flow index than all the 
mixtures that present no difference in value. For coarser granules (ranges from 1,400 up to 
2,360 μm), MCC PH 102 has the lowest index value, while mixture 3 (with higher lactose 
content) has the highest flow index of the three mixtures. This means that an increase of lactose 
percentage in the mixture produces granules with lower flowability. However, at medium size 
ranges (from 500 μm up to 1000 μm), no differences in behaviour can be observed compared 
to MCC PH 102 powder or between the three mixtures.  
 
Fig. 7.8 Flow index (ѫ) as a function of granule size for four different powders. 
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7.3.2 Die filling 
 
Fig. 7.9 shows the fill ratio as a function of shoe speed obtained for three different size ranges: 
small (0-90 μm), medium (250-500 μm) and large (1400-2360 μm), for the three mixtures of 
MCC PH 102 and lactose powders. The same conclusion observed for pure powders can also 
be observed for mixtures. Specifically, the filling ratio decreased exponentially with the 
increase of shoe speed for all the materials and granules size ranges investigated and increased 
granule size led to an improvement of material flowability.  
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(b) 
 
(c) 
Fig. 7.9 Fill ratio as a function of shoe speed for three different granule size ranges: small (0-
90μm), medium (250-500μm) and large (1400-2360μm) for (a) Mixture 1, (b) Mixture 2 and 
(c) Mixture 3. 
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Fig.7.10 shows the filling ratio as a function of shoe speed of the three mixtures and of MCC 
PH 102 powder for all the granule size ranges investigated. The results show that for a given 
shoe speed, MCC PH 102 granules have higher filling ratio values than the three mixtures.  
Comparison of the three mixtures reveals that for granule size up to 500 μm (Fig. 7.10a-7.10c), 
an increase of lactose percentage in the mixtures leads to a lower filling ratio, and therefore to 
lower flowability. For granules larger than 500 μm (Fig. 7.10d-7.10f) the filling ratio values as 
a function of the shoe speed for all the mixtures is almost identical. This is consistent with the 
die filling results observed for granules made from pure powders (Section 7.1.2), in which the 
particle size has been proved to be the dominant material property governing flow behaviour.   
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(f) 
Fig. 7.10 Fill ratio as a function of shoe speed for MCC PH 102 powder and granules made of 
three different mixtures in different granule size ranges: (a) 0-90 μm, (b) 90-250 μm, (c) 250-
500 μm, (d) 500-1,000 μm, (e) 1,000-1,400 μm and (f) 1,400-2,360 μm.  
  
Tab. 7.4 Parameters n and Vc for pharmaceutical granules of different size for mixtures. 
GRANULE SIZE 
(μm) 
Mixture 1 Mixture 2 Mixture 3 
n 
Vc 
(mm/s) 
n 
Vc 
(mm/s) 
n 
Vc 
(mm/s) 
90 0.88 19.31 0.80 12.79 0.91 11.97 
250 0.91 83.22 1.07 70.62 0.97 40.38 
500 1.19 157.00 1.10 118.89 1.04 101.32 
1000 1.21 179.33 1.36 169.35 1.29 162.45 
1400 1.34 183.00 1.38 200.99 1.29 181.28 
2360 1.42 208.14 1.55 202.82 1.30 202.38 
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Using Eq. 2.7, the critical velocity (Vc) and the n parameter were calculated for the different 
granule size range of the three mixtures and are shown in Table 7.4. Fig. 7.11 shows the critical 
velocity speed for the three mixtures as a function of granule size. The values obtained for pure 
MCC PH 102 granule are also shown for comparison. Similar to the results obtained for pure 
powders (Section 7.1.2), an exponential relation between critical speed and granule size is 
observed for the three mixtures. For granules between 250 μm and 1400 μm, the increase of 
lactose percentage leads to lower critical speeds. The critical speed is the shoe velocity at which 
the die is completely full. Therefore to completely fill the die, the experiments need to be run 
at lower shoe speeds in the case of mixtures having higher lactose contents. Consistent with 
the die filling results obtained for pure powders in section 7.1.2, it can be concluded that the 
increase of lactose percentage decreases the flowability of the mixture.  
 
In Fig.7.2, parameter n is evaluated for all the mixtures and compared with MCC PH 102 
powder. Overall, n increases with increased granule size for all three mixtures.  For fine 
granules (i.e. size range 1-90 μm) and coarse granules (i.e. ranges between 1400 μm and 2360 
μm), MCC PH 102 has lower n values than all the mixtures while for medium-sized granules, 
parameter n is almost identical for both mixtures and pure powder.  
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Fig. 7.11 Critical velocity as a function of shoe speed for granules of different size ranges.  
 
 
Fig. 7.12 Parameter n as a function of shoe speed for granules of different size ranges.  
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7.4 Effect of granule size on compactibility of mixtures 
 
The compactibility of microcrystalline cellulose and lactose mixtures were examined. Fig. 7.13 
shows the tensile strength as a function of relative density for three different mixtures, each of 
which have three different granule size ranges. The results obtained for pure MCC powders are 
also presented to highlight the influence of lactose percentage in the mixture. An exponential 
relation was found between tensile strength and relative density for all the materials under 
investigation. As found for pure powders, increased granule size leads to a reduction in tablet 
tensile strength for all the mixtures. Compared to MCC PH 102 results, the three mixtures have 
lower tensile strength values. Specifically, the increase of lactose percentage in the mixture 
leads to a decrease in the tensile strength of the tablet produced.  
 
Fig. 7.13 Tensile strength as a function of relative density for three different granule size 
ranges: small (315-500 μm), medium (630-800 μm) and large (800-1000 μm) for the three 
mixtures. 
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Moreover, to study the material effect on compactibiltiy behaviour of mixtures, the tensile 
strength as a function of relative density of the three mixtures is compared for a given granule 
size range in Fig. 7.14.  It is shown that the increase of the lactose percentage in the mixtures 
leads to a higher tensile strength of the tablets at a given relative density for both fine and 
coarse granule size ranges.    
 
(a) 
 
(b) 
Fig. 7.14 Tensile strength as a function of relative density for three different mixtures at a 
given size ranges: (a) small (315-500 μm) and (b) large (800-1000 μm). 
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Table 7.5 Tensile strength at zero porosity and plastic constant for granules of different size 
made of mixtures. 
GRANULE SIZE 
(μm) 
Mix 1 Mix 2 Mix 3 
σ0 
(MPa) 
k 
σ0 
(MPa) 
k 
σ0 
(MPa) 
k 
315-500 4.65 4.99 3.33 4.88 3.08 6.22 
630-800 4.53 5.11 3.30 5.32 3.84 7.62 
800-1000 4.44 5.16 3.27 5.59 4.92 8.75 
 
For the pure powders, the tensile strength at zero porosity and parameter k is determined for 
the three mixtures (Table 7.5). A decrease of σ0 with increased granule size is obtained for 
mixture 1 and 2 while an increase of tensile strength at zero porosity is observed for mixture 3. 
Moreover, higher k values for coarser granules are found for all three mixtures. Generally, a 
decrease of MCC percentage in the mixture leads to an increase of parameter k.  
 
7.5 Comparison flodex and die filling results for pure powders and 
mixtures 
 
Fig. 7.15 compares the data collected from flowability tests for both die filling and flodex 
experiments in terms of the variation of the critical velocity with the flow index (ѫ) for granules 
of pure powders and mixtures at different size ranges.  Interestingly, an exponential relation is 
found between flow index and Vc for all the materials investigated. More precisely, the critical 
 197 
 
speed increases with the increase of flow index. This implies that a material characterized by a 
high value of Vc has a low value of flow index, which also means high flowability.   
 
 
Fig. 7.15 Vc as a function of Flow index (ѫ) for pure powders and mixtures at granules of 
different sizes. 
Fig. 7.16 presents linearization of the data obtained and shows Log(Vc) as a function of Log(ѫ) 
plotted for all materials. A linear equation (Eq. 7.1) is found which fits all the data: 
   𝐿𝑜𝑔(𝑉𝑐) =  −2.0819 𝐿𝑜𝑔(𝐹𝑙𝑜𝑤𝐼𝑛𝑑𝑒𝑥) + 4.2037        (7.1) 
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Fig. 7.16 Log(Vc) as a function of Log(ѫ) for all pure powders  and mixtures at different 
granule sizes.  
 
7.6 Discussion 
 
Flowability analysis was performed on MCC and mannitol using two different techniques: 
flodex and die filling. The effect of the granule size on the flowability behaviour was also 
analysed for 6 different granule size ranges. Both die filling and flodex experiments revealed 
that increased granule size leads to an improvement of the flowability for all the materials. 
Specifically, in the Flodex experiments a decrease of flow index (ѫ) with increased granule 
size was found, while for die filling experiments an increase of critical shoe speed with 
increased granule size was observed. These results are consistent with the literature data by Xie 
and Puri (2012), who attributed increased flowablity to reduced surface area and cohesion 
forces between the particles.  
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Flodex experiments showed that the three MCC granules present very similar flow behaviour, 
while mannitol granules are characterized by the highest flow indexes. These results show that 
mannitol granules have lower flowability.  Comparison of pure powder flow indexes with those 
of the finest granule size range (i.e. 0-90 μm) shows that for MCC powders the difference in 
values is negligible. However, mannitol raw powder has a much lower flow index than the 
mannitol granules. This is explained by the influence of shape properties during flowability of 
pure mannitol powder. Indeed, in a study by Mellmann et al. (2013), a higher flowability was 
found for more spherical particles such as mannitol. However, this shape influence on 
flowability is nullified by the granulation step for granules produced and therefore the granules 
have a lower flowability than the raw powder. To conclude, mannitol granules have a lower 
flowability than MCCs granules. MCC PH 102 granules have higher flowability than MCC PH 
101 and MCC PH 102.   
 
Die filling results showed that the shoe speed is an important process parameter influencing 
the flowability characterization of materials. More specifically, there is an exponential 
relationship between the filling ratio (i.e. the mass deposited) and the shoe speed, in which the 
filling ratio decreases with increasing shoe speeds. Fine granules resulted in having a lower 
flowability than coarser granules as also observed in the Flodex experiments. This finding is 
consistent with the MCC work done by Wu et al. (2003), who also proposed the exponential 
equation used for the determination of Vc and n parameters. A comparison of pure powders 
die filling results with the finest granule size range in Fig. 7.2 showed similar behaviour for 
flowability of all the materials, except for mannitol where the pure powder has higher 
flowability at the same process conditions. A comparison of different materials with the same 
granule size showed a strong influence material properties such as granule size on the process 
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conditions for flowability characterized using die filling. Particularly for granules of size above 
500 µm, all the materials present the same flowability values (Fig. 7.10). Size also has a strong 
influence on parameters such as critical velocity speed and the parameter n. Vc increases with 
the increase of granule size for all the four powders; however it reaches an almost constant 
value for granules coarser than 1250 μm.  
 
Compactibility results showed a reduction of compactibility, also known as “loss of work”, 
with increased granule size due to the decrease of surface area (Malkowska, 1983), which led 
to lower cohesion forces and so a lower tensile strength. This is consistent with the work of 
Herting et al. (2007), who compared tablets obtained by direct compaction to those obtained 
by RCDG. They found a decrease of tensile strength for the tablet produced in the RCDG 
process. However, for the RCGD process a decrease in granule size resulted in a higher tensile 
strength, as explained above.  
 
When comparing different materials, results showed granule size to be dominant factor for 
granule flowability. In fact for coarser granules no difference in flow behaviour were found 
even if the material was different. However, compactibility results showed that the size is not 
the predominant parameter when compressing coarse granules; in fact the materials have 
different compactibility behaviour. These findings are consistent with the work proposed by 
Hjortsberg et al. (2002), who attributed the nullification of the size effect during die compaction 
to the predominat effect of the compaction pressure.  
 
Binary mixture results showed an increase of flowability with the increase of granule size as 
also observed for pure powder. Additionally, in both flodex and die filling experiments, the 
granules with a higher percentage of lactose had an unfavourable impact on mixture 
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flowability. As studied by Walstraand (1984), the milled lactose granules are characterised by 
damaged, irregularly-shaped crystals. The needled-shaped crystals have a lower flowability 
than spherical particles as explained by Yaginuma et al. (2007). Therefore, a higher 
concentration of lactose in the mixtures can reduce the flowability of the overall mixture. The 
effect of granule size on die filling parameters, Vc and n, was shown in Figs 7.11 and 7.12. It 
was clear that an increase of granule size leads to higher Vc and n values for all the mixtures. 
Furthermore, a higher concentration of lactose leads to a lower critical speed value for a given 
granule size. 
 
Compactibility results for mixtures show that an increase in particle size and percentage of 
lactose leads to a reduction of tablets tensile strength. This is in agreement with the results 
obtained by Perez-Gandarillas et al. (2016), who attributed the lower tensile strength to the 
brittle nature of the lactose which enhance brittle breakage during die compaction process.  
 
7.7 Summary 
 
In this Chapter the comparison of die filling and die compaction of pure powders and mixtures 
is a further and new step in the RCDG process understanding compared to the literature studies 
in which only one of the two steps is considered. Additionally a new correlation between 
different techniques has been found which may be useful for prediction studies. In terms of 
results, the size influence on the flowability and compactibility of granules made from pure 
powders and mixtures were studied. It was found that coarser granules generally have a higher 
flowability than fine granules. Moreover, the critical velocity and the parameter n were also 
determined and found to be highly influenced by granule size. The size effect on compactibility 
shows a decrease of tensile strength for coarser granules for all the materials considered, also 
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known in the literature as “loss of compactibility” (Herting, 2007). Binary mixture results show 
that an increase of lactose concentration leads to lower flowability and lower tensile strength 
values. In addition, Eq. 7.1 was proposed to correlate the flow index with the critical speed for 
all the materials investigated. This equation may be used to predict the die filling behaviour of 
the powder once the flow index of the material is known. However further research needs to 
be done to generalise this equation for a wider range of materials.  
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CHAPTER 8 CONCLUSIONS AND FUTURE 
WORK 
8.1 Summary 
 
In this thesis, research into the use of material characteristics of pharmaceutical excipients in 
order to better understand RCDG has been presented.  Chapters 1 and 2 contextualised the need 
for this research, while Chapter 3 described the materials and methods used in the research. In 
Chapter 4, the particle size distributions, together with d10, d50, d90 and span results, were 
obtained using different techniques including sieving method, QicPic and Camsizer XT. Shape 
characterization was also observed and described in terms of sphericity. Flowability analyses 
were performed using methods such as flodex and ring shear tester. Compactibillity and 
compressibility behaviours of four pharmaceutical powders were studied and the 
compressibility factors and tensile strengths calculated. These properties have been used in the 
further Chapters for analysis and discussion as indicated in Fig. 4.21. 
 
In Chapter 5, the DPC (Druck-Prager-Cap) parameters were determined for both pure powders 
and mixtures. These were obtained using an ESH Compaction Simulator with radial die sensor 
in collaboration with AstraZeneca (Macclesfield, UK), while calibration experiments were 
been performed using an Instron machine at the University of Surrey. The results were then 
used as an example of FEM application. 
 
In Chapter 6, roll compaction and ribbon milling using three different grades of 
microcrystalline cellulose powders were performed, and ribbons were produced at two 
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different roll compaction speeds and milled into granules. Porosities of these ribbons and the 
size distributions of granules produced were characterised. Furthermore, ribbon friability was 
determined using a friability tester that was developed primarily for characterising 
pharmaceutical tablets. 
 
In Chapter 7, size effect on the loss of compactibility during the tableting process was 
investigated. For this purpose, the tensile strength as a function of relative density for different 
granule sizes was analysed. In addition, flowability experiments were performed on those 
granules and their die filling behaviour explored. The materials used for these analyses were 
the same pure components and mixtures studied in the previous chapters (Chapters 5-6). The 
data were discussed based on the raw powder properties already characterized in Chapter 4. 
  
8.2 Conclusions 
 
From the powder characterization in Chapter 4, the data showed that particle size measurement 
may lead to very different results when using different instruments. This is due to the use of 
different diameters for the calculation of d10, d50 and d90.  Comparison of the techniques 
revealed the following findings: first, QicPic results had higher size parameter values than 
Camsizer XT results; and second, sieving results were significantly affected by shape factors. 
The second finding is due to the preferential orientation of the elongated particles during the 
experiment, which tend to pass through the sieve on their shorter side. Consistent particle shape 
analysis was achieved using the SEM and CamsizerXT techniques.  It was found that, among 
the materials considered, mannitol is the most spherical material while MCC DG particles 
possess a quite elongated shape. The flowability study revealed that mannitol has the highest 
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flowability, while for the MCC powders considered, MCC PH 101 has poorer flowability than 
MCC DG and MCC PH 102. In terms of compactibility, mannitol, as a brittle material, has the 
lowest tensile strength at zero porosity and highest plasticity constant than all the other 
pharmaceutical excipients studied. 
 
From the DPC analysis presented in Chapter 5, MCC powders were found to have the highest 
cohesion values compared to the other excipients, while higher Young’s moduli were found 
for lactose and mannitol. From mixture studies, it was interesting to observe that lactose 
properties influenced mainly cohesion, Young’s modulus, Hydrostatic yield pressure and the 
die-wall friction coefficient.  
 
For the ribbon milling study presented in Chapter 6, with the novel use of the friability test for 
ribbons, it was found that there is a strong correlation between d10, the span of the granule size 
distribution and ribbon friability. As the friability of ribbon increases, the value of d10 
decreases and the span increases, indicating that more friable ribbons are milled into granules 
of higher fine fraction and larger span. Thus ribbon friability testing could be a useful technique 
for characterising ribbon milling behaviour.    
 
In Chapter 7, the influence of granule size on flowability and compactibility for pure powders 
and mixtures was studied. Overall, an increase of flowability with increasing granule size was 
found for all the materials studied, which is in broad agreement with the observations reported 
in the literature. Furthermore, size was found to strongly influence die filling parameters such 
as n and Vc. Compactibility analyses resulted in the loss of compactibility with increased 
granule size for all the materials investigated. Additionally, from the mixture studies it was 
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observed that the increase of lactose component in the mixture led to less flowable mixtures 
and weaker tablets (i.e. lower tensile strength). Furthermore, the comparison between die filling 
and compactibility results lead to the conclusion that at high compaction pressures, particle 
size is a less important variable to consider than raw material properties. A new general 
equation which correlates two different flowability techniques was proposed, which may be 
used for die filling prediction.  
 
8.3 Future work  
 
Recommendations for future research are as follows: 
 The new methodology developed for friability characterisation in Chapter 6, could be 
applied to a much wider range of materials with different properties, such as lactose, 
mannitol and mixtures of plastic and brittle powders. If the findings of such studies are 
consistent with those obtained in this thesis, then it will be possible to generalise this 
methodology making it a new characterization technique. 
 
 Optimization of product quality: using different percentages of various granule size 
ranges, an analysis of size influence on the overall GSD properties could be studied in 
terms of die filling and compactibility as reported in Chapter 7. From these results a 
new optimized batch of materials with the best combination of flow properties and 
tensile strength can be obtained. This should improve the understanding of the tableting 
process and a critical gap between die filling and die compaction will be filled. 
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 FEM prediction model: Using the DPC results obtained in Chapter 5, further 
applications using FEM simulations could be run to predict the die compaction 
behaviour of pharmaceutical excipient mixtures. From these studies an improvement of 
process understanding on the mechanical behaviour of pharmaceutical formulation can 
be obtained to fill the knowledge gap. 
 Database production: To improve the understanding of materials behaviour during 
RCDG process and scaling-up, it is necessary to study the material properties presented 
in Chapter 4. For this reason, the creation of a database which includes all the 
characterization properties such as size, density, shape, flowability, compressibility and 
compactibility would be a very useful tool for optimizing time efficiency and material 
costs for researchers in this field. 
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Appendix B: Input parameters used for FEM model 
1) MCC PH 102 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
E(Pa) ν(-) RD(-) 
188772218.723 0.109 0.359 
520464390.975 0.112 0.411 
608558368.530 0.119 0.453 
1030690995.607 0.131 0.510 
1202841248.466 0.153 0.550 
1752031341.418 0.170 0.604 
2135228527.976 0.178 0.639 
pb(Pa) εv 
24301056.079 1.113 
19857450.230 1.050 
14102213.641 0.949 
10688078.882 0.862 
8010945.721 0.770 
5585843.856 0.658 
3422090.991 0.520 
d(Pa) β(degree) R(-) RD(-) 
938786.483 76.587 0.752 0.430 
667271.918 76.843 0.727 0.433 
5046207.955 75.099 0.687 0.747 
2828729.086 75.161 0.658 0.653 
5046207.955 75.099 0.628 0.747 
9711389.131 75.004 0.618 0.860 
5858255.834 75.004 0.556 0.767 
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2) MCC PH 101 
 
 
 
 
 
 
d(Pa) β(degree) R(-) RD(-) 
281357.555 76.276 0.616 0.370 
363469.611 75.156 0.642 0.421 
955253.290 75.121 0.669 0.505 
1634903.357 74.706 0.709 0.562 
2394534.636 74.236 0.733 0.617 
5875395.436 73.732 0.745 0.731 
 
 
3) MCC DG 
pb(Pa) εv 
3314516.690 0.751 
10620952.199 0.968 
18914051.300 1.110 
42599556.282 1.275 
111470549.607 1.375 
228259836.715 1.413 
 
 
E(Pa) ν(-) RD(-) 
 444867913.632 0.101 0.406 
661125649.940 0.131 0.435 
1019698424.314 0.135 0.476 
1382742194.242 0.157 0.533 
1804738231.609 0.164 0.573 
2233329439.980 0.186 0.615 
pb(Pa) εv 
7548066.177 0.730 
10963139.913 0.820 
14939221.491 0.934 
20118404.835 1.027 
24192392.517 1.065 
24645536.508 1.082 
E(Pa) ν(-) RD(-) 
229035604.009 0.016 0.433 
597457036.468 0.030 0.520 
2359329220.787 0.091 0.613 
7267665169.748 0.144 0.722 
14350916258.804 0.188 0.846 
20271001774.569 0.219 0.903 
 225 
 
d(Pa) β(degree) R(-) RD(-) 
124377.706 76.756 0.466 0.337 
175496.580 76.821 0.542 0.371 
383337.129 75.491 0.605 0.443 
611221.953 75.588 0.759 0.465 
957497.520 75.723 0.970 0.512 
1473760.172 75.578 1.061 0.565 
 
4) Mannitol 
pb(Pa) εv 
10882385.77 0.557257 
41257479.35 0.703946 
93518053.07 0.765881 
150007284.3 0.817819 
225669233.2 0.85457 
302949787.8 0.917511 
 
d(Pa) β(degree) R(-) RD(-) 
386530.329 73.691592 0.682206922 0.614058 
1114467.12 74.072815 0.851295136 0.710398 
1779656.98 74.16105 1.045392432 0.755681 
2672797.89 74.171178 1.116413153 0.795995 
3570147.56 74.143392 1.16270823 0.825793 
5930376.2 74.03545 1.244160006 0.879555 
 
 
 
E(Pa) ν(-) RD(-) 
6143129375 0.141700358 0.614058 
10493436041 0.162418968 0.710398 
14297399077 0.184165475 0.755681 
17658909665 0.20856751 0.795995 
18690837193 0.221570353 0.825793 
18434987552 0.228395621 0.879555 
 226 
 
5) Lactose 
pb(Pa) εv 
16921109.06 0.607135 
43699875.45 0.663169 
64529641.79 0.697627 
90391229.65 0.730262 
120302019.6 0.750852 
157972335.3 0.77131 
 
 
d(Pa) β(degree) R(-) RD(-) 
135640.587 75.951967 0.719695853 0.703257 
331036.577 76.387565 0.798217014 0.737296 
535616.861 75.399877 0.831885094 0.77354 
1212923.2 75.385019 0.915592041 0.813754 
2078479.11 74.916385 0.931653539 0.849641 
2837786.51 74.854448 1.038502832 0.867315 
 
E(Pa) ν(-) RD(-) 
9877464440 0.206993483 0.6525 
11033730540 0.211112654 0.698518 
13100265446 0.223794576 0.75125 
15401966497 0.230649508 0.794503 
16603203044 0.235032163 0.822338 
16890407756 0.21362855 0.849641 
